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1. Introduction and Background on Urban Heat Island

World energy use is the main contributor to atmospherig G002, about 7.0 giga metric
tons of carbon (GtC) were emitted internationally by combustiogasf liquid, and solid fuels
(CDIAC, 2006), 2 to 5 times the amount contributed by deforestaticowiBet al, 1988). The
share of atmospheric carbon emissions for the United Statesdssihfuel combustion was 1.6
GtC. Increasing use of fossil fuel and deforestation together tased atmospheric GO
concentration some 25% over the last 150 years. According to globatelimodels and
preliminary measurements, these changes in the compositidre @tiosphere have already
begun raising the Earth's average temperature. If cumengye trends continue, these changes
could drastically alter the Earth's temperature, with unknown btenpally catastrophic
physical and political consequences. During the last three dedadesased energy awareness
has led to conservation efforts and leveling of energy consumptiothe industrialized
countries. An important byproduct of this reduced energy use is the lowering @n@ssions.

Of all electricity generated in the United States, about orib-s$xused to air-condition
buildings. The air-conditioning use is about 400 tera-watt-hours (TWh), éeptita about 80
million metric tons of carbon (MtC) emissions, and translatingbimut $40 billion (B) per year.
Of this $40 Blyear, about half is used in cities that have pronourtoest islands.” The
contribution of the urban heat island to the air-conditioning demand hasas$ed over the last
40 years and it is currently at about 10%. Metropolitan areas inited States (e.g., Los
Angeles, Phoenix, Houston, Atlanta, and New York City) have typipatigounced heat islands
that warrant special attention by anyone concerned with brossl-soargy efficiency (HIG,
2006).

The ambient air is primarily heated through three processesct dabsorption of solar
radiation, convection of heat from hot surfaces, and man-made heaugexXham cars,
buildings, etc.). Air is fairly transparent to ligithe direct absorption of solar radiation in
atmospheric air only raises the air temperature by a simalunt. Typically about 90% of solar
radiation reaches the Earth’s surface and then is either alsorbreflected. The absorbed
radiation on the surface increases the surface temperature. Aurd ithe hot surfaces heat the
air. This convective heating is responsible for the majorithefdiurnal temperature range. The
contribution of man-made heat (e.g., air conditioning, cars) is vwaall,scompared to the
heating of air by hot surfaces, except for the downtown high-rise areas.


mailto:H_Akbari@lbl.gov
http://heatisland.lbl.gov/

Modern urban areas have darker surfaces or lower “effectiveti@ditzad relatively less
vegetation than their more natural surroundings, which affects urlmaate| energy use, and
thermal environmental conditions. Dark roofs, for example, heat up monetlier more
reflective counterparts and thus raise the summertime coolimgardks of buildings.
Collectively, on a neighborhood scale, dark surfaces and reduced \@yetatim the air over
urban areas, contributing to urban heat islafdgure 1 shows a sketch of a typical summer
afternoon urban heat island. On a clear summer afternoon, the airaampen a typical city
can be as much as 2.5 Kelvin (K) higher than surrounding rural‘ahedot cities, peak urban
electric demand in the U.S. rises by 2-4% for each 1&iniglaily maximum temperature above
ambient air temperatures of 15-20°C.
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Temperatures in cities are generally increasing. An analysisumfmertime monthly
maximum and minimum temperatures between 1877-1997 in downtown LoseAngehrly
indicated that maximum temperatures are now about 2.5 K higheirthe920 (Akbariet al.,
2001a; se€igure 2 andFigure 3). Minimum temperatures are about 4 K higher than in 1880. A
California study analyzing the average urban-rural temperditierences for 31 urban and 31
rural stations from 1965-1989 showed that urban temperatures have edctsasbout 1 K
(Goodrich, 1987, 1989; sddgure 4). This trend in increasing temperatures in urban areas is
typical of most U.S. metropolitan areas and observed in many dties across the world
(Akbari et al, 1992; se€igure5). Santamouris (2006) has also reviewed the existing heat island
data in Europe and noted the increasing trends in summertimeréunps in many European
cities. Summertime urban heat islands can exacerbate demarwbliog energy. Note that this
is above and beyond what is believed to be the global warming triexce. 18ost people live in
cities, they would experience the effects of both global waramaiurban heat islands.

! When sunlight (including ultraviolet, visible, andar-infrared light) hits an opaque surface, sofitbe sunlight
is reflected (this fraction is called the albeda)r=and the rest is absorbed (the absorbed fraigtibya). Low-a
surfaces of course become much hotter than higitfaces.

% The nighttime heat island is typically greatentliae daytime summer heat island. The nighttime iséend is
caused by the differential in cooling between tmalrand urban areas during the early evening hemualsts
magnitude is typically largest in winter.
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Figure 2. Ten-year running
average summertime monthly
maximum and minimum
temperatures in Los Angeles,
California (1877-2004). The
ten-year running average is
calculated as the average
temperature of the previous 4
years, the current year, and
the next 5 years. Note that the
maximum temperatures have
increased about 2.5 K since
1920. During the same
period, the minimum
temperature is also increased
by about 3 K. (Source:

Akbari et al., 2001a; updated
data)
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Temperature Trend in 31 California Urban and Bural Stations
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Figure 4. Warming trend in
California Urban areas.
Since 1940, the temperature
difference between urban
and rural meteorological
stations has shown an
increase of about 0.67 F per
decade. Note that during
1920-1960, cities were
actually cooler than
suburban areas, probably
because of relatively more
vegetation in urban areas.
(Source: Akbaret al, 1990,
based on data from
Goodrich, 1989).

Figure5. Trend of
Increasing urban
temperature over the last
3-8 decades in selected
cities. (Source: Akbaet
al., 1992))

Increasing urban ambient temperatures results in increasesinsysde electricity use. In
the Los Angeles Basin, the heat-island-induced increase in powsuraption of 1-1.5 GW can
cost rate-payers $100 million per year ($&gure 6). In the United States, additional air-
conditioning use from increased urban air temperature comprise® ®flQrban peak electric
demand at a direct cost of several billion dollars per yeare&ioaling-demand on hot summer



days is the cause of peak demand for electricity, the eladifities have installed additional
capacity to compensate for the heat-island effects.

a) Southern Califonia Edison Company (SCE) b) Los Angeles Department of Water and Power
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Figure 6. Daily peak utility electric power demand vs. daily peak air teatpee. The increased
summertime temperatures cause increased cooling requirements. In Ldssasn (primarily served
by Southern California Edison and Los Angeles Department of Water and Power) mageeiat about
1-1.5 GW of power are used to compensate the heat island effect. This idhgease adds about
$100,000 per hour ($100 million a year) during summer days to the utility custometstéiebills.

Besides increasing system-wide cooling loads, summer hemtdsslincrease smog
production. Smog production is a highly temperature-sensitive procesie lhos Angeles
Basin, at daily maximum temperatures below 22°C, maximum ozoneroaiion is typically
below the California standard [90 parts per billion (ppb)]; at al8R°C, practically all days are
smoggy (se&igure?).

The relationship between the urban heat islands and pollution has afssthdied in
several European cities. Sarrat et al., (2006) have shown that udiasléed has an important
effect on the primary and secondary regional pollutant (NOx and orof&gris metropolitan
area. Stathopoulou et al., (2006) collected air temperature and ozarentration data from
several stations in the greater Athens area and found a stronigeposrrelation between
daytime air temperature and ozone concentration.

Summer heat islands increase citizens discomfort and heat wedated mortalities.
According to the U.S. Centers for Disease Control and Preventio@,(2ID6), over the past 20
years, more Americans were killed by heat than by hurri¢digbsning, tornadoes, floods, and
earthquakes combined. Within a five-day period, the 1995 Chicago lagat killed between
525 and 726 people, depending on the method used for determining which deaths were
attributable to the high temperatures. In the heat wave of 1980, @& Americans died. A
heat wave in summer of 2003 in India killed at least 1,200 people. Mgst is the death of
between 10,000 to 15,000 people who died in France's scorching heatrwaugust 2003.

Many of the victims were elderly people living in poorly desigrhouses or apartments that
were not air-conditioned.

In France, the heat wave brought temperatures of up to 40°C inrshéwfo weeks of
August 2003 in a country where air-conditioning is rare. Although heghpératures may
attributed to be the immediate cause of the higher mortaligg,réte lack of preparation to face
the high temperatures is the real cause for these “natusdstdrs. In regions where higher



summer temperatures are prevalent (Mediterranean, North Adrnidaviddle East), incidents of
such disasters are far lower.
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Figure 7. Daily maximum ozone concentration vs. daily maximum temperature indatmhs at Los
Angeles. The impact of the heat island is also seen in smog. The formation of lsiglolyg Eensitive to
temperatures; the higher the temperature, the higher the formation ana, lleeconcentration of
smog. In Los Angeles at temperatures below 22°C, the concentration of smog ¢cheasazone) is
below the California standard. At temperatures of about 32°C pragtialiidays are smoggy. Cooling
the city by about 3°C would have a dramatic impact on smog concentration.

It is important to note that heat island is a direct resuliribfnization that creates an urban
fabric consisting mostly of roofs, paved surfaces (roads, drive,vwsyking lots), and less
vegetation (trees, lawns, bushes, shrubs). Understanding and quantifyiagritef a city is an
important first step in analyzing and designing implementation @nagjito mitigate urban heat
islands. Of particular importance is the fraction of each sutigEewithin an area. An accurate
characterization of the urban surfaces will also allow a besémate of the potential for
increasing surface albedo (roofs, pavements) and urban vegeTdtisrwould in turn provide
more accurate modeling of the impact of heat-island reductiosuresaon ambient cooling and
urban ozone air quality.

In four studies, Akbaret al. (1999a), Akbari and Rose (2001a,b) and Retsal. (2003)
characterized the fabric of Sacramento CA, Salt Lake City Chicago IL, and Houston TX,
using high-resolution aerial digital orthophotos covering selected ameeach city (sdeigure 8
for an example of high-resolution orthophotos). Four major land-use types examined:
commercial, industrial, transportation, and residential. These orthophaes analyzed to
estimate the fraction of each major land use type (definedbas dabric) and to estimate the
land-use land-cover (LULC) in each city (segure 9 and Figure 10). Although there were
differences among the fabrics of these four metropolitars aseane significant similarities were
found.



Table 1 shows the LULC for the four metropolitan areas based on US@S@approximately
800 knf of urban area in Sacramento, about 49% was residential; in RalQify about 59% of
the 620 km; in Chicago about 53% of 2,520 knand in Houston about 56% of 3,430%Mhe
fraction of industrial, transportation, and mixed urban land-usesesetfour cities varied only
by a few percent.

For the entire metropolitan area, the percentage of the tofahreas, as seen from above
the canopy was about 19% in the Sacramento and Salt Lake Crypoigan areas, 25% in
Chicago metropolitan area, and 21% in Greater Houston (Akbati, 1999a; Akbari and Rose
2001a,b; Roset al., 2003; seeTable 2). The percentage of paved areas ranged from 29% to
39%, vegetated areas 29% to 41%, and other areas 10%-40%. Under the tenopof area
ranged from 20% to 25%, paved surfaces 29% to 45%, vegetated areas 20%, tand other
areas 9% to 15%.

In residential areas, the percentage of the total roof areageasfrom above the canopy,
ranged from 19% to 26%, paved surfaces 25%-26%, vegetated areas 39%ndBthers 4%-
16%. Under the canopy, roof area ranged from 20% to 27%, paved surface® 3%,
vegetated areas 33% to 47%, and other areas 6% to 17%.

Other researchers involved in the analysis of urban climate tn@ekto quantitatively
characterize the surface-type composition of various urban areasp Mpd Morgan (1972)
conducted such work was the analysis of the urban fabric in Sadmanidrey applied the
strategy of examining the land-use data in progressivelylemmseégments of macro-scale
(representative areas of Sacramento), meso-scale (individomthenities), micro-scale (land-
use ordinance zones), and basic-scale (city blocks). The datageeyncluded USGS photos,
parks and recreation plans, city engineering roadways, andedetarial photos. Their analysis
covered 195 ki of urban areas. The percentages of the land-use areas Wmrated as
follows: residential 35.5%, commercial 7.2%, industrial 13.5%, streedsfreeways 17.0%,
institutional 3.2%, and open space and recreational 23.6%. They found thgeawesidential
area to be composed of about 22% streets, 23% roofs, 22% other imperviacsssand 33%
green areas. Overall, they found a composition of 14% streets, 22%224fxther impervious
surfaces, 36% green areas, and 3% water surfaces. They definedifigbervious surfaces” to
include highway shoulder strips, airport runways, and parking lotsetStiecluded curbs and
sidewalks.

Figure 8. Orthophoto of a typical mixed urban area in
Sacramento, CA.
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Table 1. USGS land use/land cover (LULC) percentages for four cities: Satoa@®nSalt Lake City

UT, Chicago IL, and Houston TX.

Sacramento |Salt Lake City| Chicago Houston
Total Metropolitan Area (km?) 809 624 2521 3433
LULC (%)
Residential 49.3 59.1 53.5 56.1
Commercial/Service 17.1 15.0 19.2 5.1
Industrial 7.2 4.9 11.5 9.3
Transportation/Communication 11.4 9.8 7.7 2.9
Industrial and Commercial 0.3 0.0 0.1 4.8
Mixed Urban or Built-up Land 5.2 1.9 0.4 3.5
Other Mixed Urban or Built-up Land 9.5 9.4 7.6 18.3

Table 2. The Land Use/Land Cover (LULC) percentages (%) for four. G@esamento CA, Salt Lake
City UT, Chicago IL, and Houston TX.

City Vegetation Roofs Pavements Other
Above-the-canopy

Metropolitan Salt Lake City 40.9 19.0 30.3 9.7
Metropolitan Sacramento 28.6 18.7 38.5 14.3
Metropolitan Chicago 30.5 24.8 33.7 11.0
Greater Houston 38.6 21.4 29.0 10.9
Residential Salt Lake City 46.6 19.7 25.3 8.5
Residential Sacramento 39.2 19.4 25.6 15.8
Residential Chicago 44.3 25.9 25.7 4.1
Residential Houston 48.9 20.5 24.7 6.0
Under -the-canopy

Metropolitan Salt Lake City 33.3 21.9 36.4 8.5
Metropolitan Sacramento 20.3 19.7 445 15.4
Metropolitan Chicago 26.7 24.8 37.1 11.4
Greater Houston 37.1 21.3 29.2 12.4
Residential Salt Lake City 38.6 23.9 31.6 6.0
Residential Sacramento 32.8 19.8 30.6 16.8
Residential Chicago 35.8 26.9 29.2 8.1
Residential Houston 47.4 21.1 23.9 7.6




2. Heat Islands Mitigation Technologies

Possible technologies used in lowering the summertime ambient regomes and
increasing comfort include use of light colored materials on raafswalls; trees and vegetation
to shade buildings, walkways, and streets; and using light-coloredgpmnaterials for streets,
parking lots, driveways, and sidewalks. Santamouris (2001) provides a thalesgiption of
building and pavement construction materials that have been hidtoricaéd as a
countermeasure for urban heat islands. Also Doulos et al. (2004feagired and compared
the thermal performance of 93 commonly used construction materials in Greece

Use of high-albedo urban surfaces and planting of urban treeseapensive measures that
can reduce summertime temperatures. The effects of modifpagurban environment by
planting trees and increasing albedo are best quantified in terlisent” and "indirect” effects.
The direct effect of planting trees around a building or using@aifle materials on roofs or
walls is to alter theenergy balance and cooling requirements of that particular building.
However, when trees are planted and albedo of roofs and pavememmieased throughout an
entire community, the energy balance of the whole communitynaslified, producing
community-wide changes in climate. Phenomena associated with cotyswide changes in
climate are referred to as indirect effects, because itttgsectly affect the energy use in an
individual building. Direct effects give immediate benefits to buglding that applies them.
Indirect effects achieve benefits only with widespread deployment.

When dark roofs are heated by the sun, they directly raise thenddoracooling for the
buildings beneath those roofs. For highly absorptive (low-albedo) roofsutfeee/ambient air-
temperatures difference may reach 50 K, while for leserptige (high-albedo) surfaces with
similar insulative properties (e.g. white-coated roofs), the reifilee can be only about 10 K.
Clearly, a cool roof reduces cooling energy requirements of its own building,

Hot roofs also heat the outside ambient air, thus indirectly asorg cooling demand of
neighboring buildings. We have simulated the effect of urban-wide applicatiefiestive roofs
on cooling-energy use and smog in many metropolitan areas éTaha2001; 2000; 1995). We
estimate roof albedos can realistically be raised by 0.30 erage, resulting in a 1-2.5 K
cooling at 3pm (on a sunny August day). This temperature reductianeduilding cooling-
energy use even further. Other benefits of light-colored roofs in@yatgential increase in the
roofs useful life.

The beneficial effects of trees are both direct in shading ofibg8 and indirect in cooling
the ambient air (urban forest). Trees can intercept sunlight befeaents buildings and cool the
air by evapotranspiration. In winter, trees can shield building® ftold winds. Urban shade
trees offer significant benefits by reducing building air-coadihg, and lowering air
temperature, thus improving urban air quality (reducing smaa)in§s associated with these
benefits vary by climate and region and, over a tree's lifera&ach up to $200/tree. The cost of
planting and maintaining trees can vary from $10-500/tree. Treafggmograms can be low-
cost, offering savings to tree-planting communities. The chdit@® species is also important.
Low-emitting drought-resistance trees are typically recommended.

The issue of direct and indirect effects also enters into owusi®n of atmospheric
pollutants. Planting trees has the direct effect of reducing atmospl@&ts because each
individual tree directly sequesters carbon from the atmosphere thpwgosynthesis. However,
planting trees in cities also has an indirect effect on. B9 reducing the demand for cooling
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energy, urban trees indirectly reduce emission of €am power plantsAkbari et al (1990)
showed that the amount of @@voided via the indirect effect is considerably greater than the
amount sequestered directBimilarly, trees directly trap ozone precursors (by dry-déiposia
process in which ozone is directly absorbed by tree leaves), angcithdreduces the emission

of these precursors from power pladty reducing combustion of fossil fuels and hence
reducing NOx emissions from power plants (Taha, 1996).

There are other important benefits associated with urban hese include improvement
in environmental quality, increased property values, and decreasexdfrwhich lead to flood
protection.

Urban pavements are made predominantly of asphalt concrete. The aesaotatipis
smooth and all-weather surface type for vehicles are obvious, butessoeiated problems are
perhaps not so well appreciated. Sunlight on dark asphalt surfackE@rincreased heating. An
air-temperature increase, in turn, increases cooling-energin useldings, and can accelerate
smog formation. The albedo of fresh asphalt concrete pavement is @bbutthe relatively
small amount of black asphalt coats the lighter-colored aggrefatean asphalt concrete
pavement is worn down and the aggregate is revealed, albedo in¢cceaeat 0.10 to 0.15 (the
value of ordinary aggregates). If a reflective aggregate id, uke long-term albedo can be
higher.

Unlike cool roofs and urban trees, cool pavements provide only indirectefh terms of
urban cooling energy use, i.e., through lowered ambient temperdiavest temperatures have
two effects: 1) reduced demand for electricity for air conditigrand 2) decreased rate of smog
production (ozone). Savings from reduced electricity demand and froextémalities of lower
0zone concentrations can be significant.

Furthermore, the temperature of a pavement affects its wtbigberformance; cooler
pavements last longer in hot climates. Reflectivity of pavemmamsimprove visibility at night
and can reduce electric street-lighting demand. Street ligistimgpre effective if pavements are
more reflective, increasing safety as a result. Despite omhdbkat, in time, dirt will darken
light-colored pavements, experience with cement concrete roadsssugug the light color of
the pavement can actually persist after long usage.

We estimate that by full implementation of the above mitigatheasures (cool roofs, shade
trees, and cool pavements) the cooling demand in the U.S. catteased by 209 his equals
to about 40 TWh/year in savings, worth over $4B per year by 2015 in cadéogicity savings
alone. If smog reduction benefits are included, savings could tadaktob10B/year. Achieving
these potential savings is conditional on receiving the necessdeyalfe state, and local
community support. Scattered programs for planting trees and imgeasface albedo already
exist, but the initiation of an effective and comprehensive campedgild require an aggressive
agenda.

Over the past two decades, scientists at the Lawrence 8gikational Laboratory (LBNL)
have been studying the energy savings and air-quality benefitseatfisland mitigation
measures. The approaches used for analysis included direct meagsrefrthe energy savings
for cool roofs and shade trees, simulations of direct and indireogysavings of the mitigation
measures (cool roofs, cool pavements, and vegetation), and mete@lokgit air-quality
simulations of the mitigation measurddgure 11 depicts the overall methodology used in
analyzing the impact of heat-island mitigation measures on energy use amaiugalution.
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Figure 11. Methodology for energy and air-quality analysis.
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2.1 Cool Roofs

At the building scale, a dark roof is heated by the sun and thustlgimises the
summertime cooling demand of the building beneath it. For highly abssrftw-albedo)
roofs, the difference between the surface and ambient air tetups may be as high as 50K
(Berdahl and Bretz, 1997; ség&gure 12). For this reason, "cool" surfaces (which absorb little
solar radiation) can be effective in reducing cooling-energy Hsghly absorptive surfaces
contribute to the heating of the air, and thus indirectly incrélasecooling demand of (in
principle) all buildings. In most applications, cool roofs incur no additioost if color changes
are incorporated into routine re-roofing and resurfacing scheduletz (& al, 1997 and
Rosenfelcet al, 1992).
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Most high-albedo roofing materials are light colored, althougéctee surfaces that reflect
a large portion of the infrared solar radiation but absorb someevigibit can be dark colored
and yet have relatively high albedos (Levingsbml.,2005a,b; Berdahl and Bretz,1997).

2.1.1. Energy, Smog, and other Benefits of Cool Roofs
Direct Energy Savings

Field studies in California and Florida have demonstrated coolingpesarings in excess
of 20% upon raising the solar reflectance of a roof to 0.6 from a pae of 0.1-0.2
(Konopacki and Akbari, 2001; Konopacatt al, 1998; Parkeet al, 2002) (sed able 3). Energy
savings are particularly pronounced in older houses that have dittlgo attic insulation,
especially if the attic contains the air distribution ducts. Akégaal. (1997a) observed cooling-
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energy savings of 46% and peak power savings of 20% achieved laasimg the roof
reflectance of two identical portable classrooms in Sacramemiifpi@ia. Konopackiet al.
(1998) documented measured energy savings efl8f% in two commercial buildings in
California. In a large retail store in Austin, Texas, Konopacki akbdaA (2001) documented
measured energy savings of 12%. Akbari (2003) documented energy ssafing1-39
Wh/nmf/day in two small commercial buildings with very high internaldaby coating roofs
with a white elastomer with a reflectivity of 0.70. Parkerl. (1998b) measured an average of
19% energy savings in eleven Florida residences by applyiregtieél coatings on their roofs.
Parkeret al. (1997, 1998b) also monitored seven retail stores in a strip ntdbiia before and
after applying a high-albedo coating to the roof and measured ad&%%4n seasonal cooling
energy use. Hildebrandt al (1998) observed daily energy savings of 17%, 26%, and 39% in an
office, a museum and a hospice, respectively, retrofitted with dilggdo roofs in Sacramento.
Akridge (1998) reported energy savings of 28% for a school building ingaeafter an
unpainted galvanized roof was coated with white acrylic. Boutaredl Salinas (1986) showed
that an office building in southern Mississippi saved 22% after thacapph of a high-
reflectance coating. Simpson and McPherson (1997) measured enengyg $a the range of 5—
28% in several quarter-scale models in Tucson AZ.

Cool roofs also significantly reduce buildings’ peak electric deniarsimmer (Akbaret
al., 1997a; Levinsoet al, 2005c).

More recently, Akbaret al (2005) monitored the effects of cool roofs on energy use and
environmental parameters in six California buildings at threesréift sites: a retail store in
Sacramento; an elementary school in San Marcos (near San Dagbya 4-building cold
storage facility in Reedley (near Fresno). The latter includecold storage building, a
conditioning and fruit-palletizing area, a conditioned packing area, t@ndunconditioned
packing areas. Results showed that installing a cool roof redheedaily peak roof surface
temperature of each building by 33-42K. In the retail store buildin§acramento, for the
monitored period of 8 August to 30 September 2002, the estimated savingsrageaair
conditioning energy use was about 72 Widay (52%). In the school building in San Marcos,
for the monitored period of 8 July to 20 August 2002, the estimatedgsainnaverage air
conditioning energy use was about 42-48 Widay (17-18%). In the cold storage facility in
Reedley, for the monitored period of 11 July to 14 September 2002, andyltb 18 August
2003, the estimated savings in average chiller energy use was5ab8uitWh/ni/day (3-4%).
Using the measured data and calibrated simulations, Akbaxi extrapolated the results and
estimated savings for similar buildings installing cool roofs etrofit applications for all
California climate zones.

In addition to these building monitoring studies, computer simulation®aing energy
savings from increased roof albedo in residential and commerciddings have been
documented by many studies, including Konopacki and Akbari (1998), Akbai (1998),
Parkeret al. (1998b), and Gartlanet al. (1996). Konopacket al (1997) estimated the direct
energy savings potential from high-albedo roofs in eleven U.Sopwditian areas (seléigure
13). The results showed that four major building types account for @ of the annual
electricity and monetary savings in the U.S.: pre-1980 residenceg, (pb%t-1980 residences
(15%), and office buildings and retail stores together (25%). Furtternthese four building
types account for 93% of the total air-conditioned roof area. Reganaigs were found to be a
function of three factors: energy savings in the air-conditionsdlestial and commercial
building stock; the percentage of buildings that were air-conditicaredithe aggregate regional
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roof area. Metropolitan-wide annual savings from the applicafiaoa roofs on residential and
commercial buildings were as low as $3M in the heating-dominaitedtel of Philadelphia and
as much as $37M for Phoenix and $35M in Los Angeles.

Table 3. Comparison of measured summertime air-conditioning daily eneiggs&om application of
reflective roofsdp is change in roof reflectivity, RB is radiant barrier, duct is the lagabf air-
conditioning ducts, and R-value is roof insulation in’h Source: Akbari et al. (2005).

Location Building type Roof areaRoof system Savings
[m?] R-value duct Ap [Wh/m?day]
California
Davis Medical Office 2,945 1.4 Interior 0.368
Gilroy Medical Office 2,211 3.3 Plenun0.35 39
San Jose Retail Store 3,056 RB Plenlomi4 4.3
Sacramento School Bungalow 89 3.3 Ceiling 0.80
Sacramento Office 2,285 3.3 Plenud40 14
Sacramento Museum 455 0 Interior 0.41D
Sacramento Hospice 557 1.9 Attic 0.4m1
Sacramento Retail Store 1600 RB None 0.82
San Marcus Elementary School 570 5.3 None o0&l
Reedley Cold Storage Facility
Cold storage 4900 5.1 None 0.6 9
Fruit conditioning 1300 4.4 None 0.3
Packing area 3400 1.7 None 0.3sil
(open to
outdoor)
Florida
Cocoa Beach Strip Mall 1,161 1.9 Plenuth46 7.5
Cocoa Beach School 929 3.3 Plenut46 43
Georgia
Atlanta Education 1,115 1.9 PlenuM/A 75
Nevada
Battle Mountain Regeneration 14.9 3.2 None 0.431
Carlin Regeneration 14.9 3.2 None 0.4
Texas
Austin Retail Store 9,300 2.1 Plenur@.70 39

The results for the 11 Metropolitan Statistical Areas (MSAa)e extrapolated to estimate
the savings in the entire United States. At 8¢/kWh, the value of pdt8ntial nationwide net
commercial and residential energy savings (cooling savings nhieasng penalties) exceeds
$750 million per year (Akbart al, 1999). The study estimates that, nation-wide, light-colored
roofing could produce savings of about 10 TWh/yr (about 3.0% of the nationahg:ool
electricity use in residential and commercial buildings), arease in natural gas (heating) use
by 26 GBtu/yr (1.6%), and a decrease in peak electrical mtmla7 GW (2.5%) (equivalent to
14 power plants each with a capacity of 0.5 GW).
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Figure 13. Estimated energy-saving potentials of light-colored roofs in 11 U.S. meteopatieas. About
10 residential and commercial building prototypes in each area are simulaigds8vings in cooling
and penalties in heating are considered. The estimated saving potentials i$ABoMt (1997 energy
prices) per year for the 11 cities. Extrapolated national energy sawsrgsaut $0.75B per year. (Source:
Konopackiet al.,1997)

Analysis of the scale of urban energy savings potential wiéisef refined for five cities:
Baton Rouge, LA; Chicago, IL; Houston, TX; Sacramento, CA; and S&k IGity, UT by
Konopacki and Akbari (2002, 2000a, 200b). The study included the direct andtiredfieets of
both cool roofs and trees. The direct saving potentials for cool nodfese five metropolitan
areas ranged from $8-38 M (skable 4 and its caption for details).

Indirect Energy and Smog Benefits

Indirect effects require that a large fraction of the urbaa e modified to produce a change in
the local climate. To date, results have been attained only bgutemsimulations. Using the
Los Angeles Basin as a case study, Taha (1996, 1997) examinedphets of using cool
surfaces (cool roofs and pavements) on urban air temperature and thus on coojipgismend
smog. In these simulations, Taha estimates that about 50% ofltheiaed area in the L.A.
Basin is covered by roofs and roads, the albedos of which casticadlly be raised by 0.30
when they undergo normal repairs. This results in a 2 K coolingpatin3 during an August
episode. This summertime temperature reduction has a signiéffact on further reducing
building cooling-energy use. The annual savings in Los Angeles simmated at $21M
(Rosenfelcet al, 1998).
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Table4. Metropolitan-wide estimates of annual energy savings, peak power avoided, and anipoial ¢
emissions reduction from Heat-Island Reduction strategies for residantiatommercial buildings in
Baton Rouge, Chicago, Houston, Sacramento and Salt Lake City.

Metropolitan Area Annual Annual Annual Peak Annual
and Energy Electricity Natural Gas Power Carbon
HIR Strategy [M$] [GWh] [M$] | [Mtherm] [M$] [MW] [ktC]
Baton Rouge
Base Case 114.8 1,275 92.8 30.7 21.9 858 257
Savings
Direct shade trees 5.2 94 6.9 (2.4) a.7) 62 12
Direct high albedo 8.0 120 8.7 (1.0) 0.7) 60 91
Indirect 2.3 39 2.8 0.7) (0.5) 13 6
Combined 155 253 18.4 (4.1) (2.9) 135 36
Chicago
Base case 879.4 3,505 293.4 804.3 586.0 3,456 1,749
Savings
Direct shade trees 135 293 25.0 (15.6) (11.4) 281 26
Direct high albedo 10.9 224 18.9 (11.0) (8.1) 723 21
Indirect 5.4 65 5.6 (0.3) (0.2) 33 10
Combined 29.8 582 49.5 (26.9) (29.7) 398 58
Houston
Base case 696.6 7,230 572.0 169.7 124.7 5,158 1,453
Savings
Direct shade trees 27.8 421 34.3 (8.8) (6.5) 247 58
Direct high albedo 38.3 523 42.0 (5.0) (3.7 269 80
Indirect 15.6 236 19.1 4.7) (3.5) 218 33
Combined 81.8 1,181 95.4 (18.5) (13.6) 734 170
Sacramento
Base case 296.2 2,238 185.9 162.2 110.3 2,454 608
Savings
Direct shade trees 9.8 247 20.6 (15.8) (10.7 0 18 18
Direct high albedo 14.6 220 18.3 (5.5) (3.8) 163 29
Indirect 5.9 114 9.5 (5.3) (3.6) 106 11
Combined 30.3 581 48.4 (26.6) (18.1) 449 59
Salt Lake City
Base case 67.0 511 31.4 70.8 35.6 488 188
Savings
Direct shade tree 1.1 52 3.3 4.2) (2.2) 33 3
Direct high albedo 1.8 45 2.8 (2.0) (1.0) 32 5
Indirect 0.8 25 1.6 (1.6) (0.8) 20 2
Combined 3.7 122 7.7 (7.8) (4.0) 85 9

a) Metropolitan-wide annual energy savings [M$ dligh$], annual electricity savings [M$ and GWh =ig@
Watt-hour], annual natural gas deficit [M$ and Mthe= Million therms], peak power avoided [MW = Mega
Watt] and annual carbon emissions reduction [Kicusand tons].

b) The methodology consisted of the following: figfine prototypical building characteristics inalefor old and
new construction, [2] simulate annual energy use @eak power demand using the DOE-2.1E model, ¢3] d
termine direct and indirect energy benefits fromghkalbedo surfaces (roofs and pavements) and {e@egen-
tify the total roof area of air-conditioned buildmin each city, and [5] calculate the metropotitade impact of
HIR strategies.

c) Base energy expenditures and peak power dermanchitulated for buildings without shade trees waitth a
dark roof (albedo 0.2). Direct savings are deteeaiifor buildings with eight shade trees (retailurjoand a
high-albedo roof (residential 0.5 and commerci&l),0and indirect savings include the impact of el air
temperature from urban reforestation and high-allmadfaces.

d) The conversion from GWh to carbon correspondbedJ.S. mix of electricity. 1997 regional elecity and gas
cost are used in the calculations. In 1995, DOE/&BR3(97) (EIA, 1997). EIA (1997) shows that 3000/
sold emitted 500 MtC (million metric tons of carpthus, 1 GWh emits 167tC. The estimated carboissan
from combustion of natural gas is 1.447 kgC/therm.
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Taha (1997) also simulated the impact of urban-wide cooling in Lo®l&sigon smog
predicting a reduction of 10-20% in population-weighted smog (ozone). In L.Are wheog is
especially serious, the potential savings were valued at $10d4Mfgesenfeldt al, 1998) (see
Table 5). Table 5 also shows the present value (PV) of all future savaisgociated with
installation of cool roofs. The present value (PV) of future saviraya the installation of cool
roofs is calculated using

JL-@ed)”
d

PV =

Where

a = annual savings ($),

d = real discount rate (3%),

n = life of the savings from cool roofs, in years.

Table 5. Energy savings, ozone reduction, and avoided peak msuting from use of Cool Roofs in
the Los Angeles Basin (Source: Rosenfeld et al., 1998).

Benefits Direct Indirect Smog Total
1 Cost savings from cool roofs (M$/yr) 46 21 104 171
2 A Peak power (GW) 0.4 0.2 0.6
3 Present value per 100°rof roof area ($) 153 25 125 303

In a more recent study, Akbari and Konopacki (2005) developed summary (sdneed by
heating- and cooling-degree-days) to estimate the potentialeat-lsland Reduction (HIR)
strategies (i.e., solar-reflective roofs, shade treegatefe pavements, and urban vegetation) to
reduce cooling-energy use in buildings. The tables provide essimoatavings for both direct
effect and indirect effect (s€kable 6 for summary of their results). The estimated savings in
Table 6 includes both direct and indirect effects of cool roofs, ca@mpants, and shade trees.
About 50% of the savings are the direct savings from the application of cool roofstihmated
indirect savings from the combined effects of cool roofs, shwds, and cool pavements are
about 25%. The study does not address the smog benefits from HIR.

Other Benefits of Cool Roofs

Another benefit of a light-colored roof is a potential increase in its usefuT lile diurnal
temperature fluctuation and concomitant expansion and contraction of a light-coloredd roof
smaller than that of a dark one. Also, the degradation of materials resultindh&@isiorption
of ultra-violet light is a temperature-dependent process. For these reasdesra@ofs may last
longer than hot roofs of the same material.

2.1.2. Potential Problems with Cool Roofs

Several possible problems may arise from the use of reflective roofingatsaf(Bretz and
Akbari 1994, 1997). A drastic increase in the overall albedo of the many roofs in ascttyeh
potential to create glare and visual discomfort. Besides being unpleasameegtare could
possibly increase the incidence of traffic accidents. Fortunately, tieefiglar roofs is not a
major problem for those who are at street level.

18



Table 6. Estimated ranges of annual basecase (electricity use, gas use, and peak dedtsanngs
from heat-island reduction measures across all climate regions.

e e e e o
Residential
Pre-1980 Gas-Heated 1600 - 11000  400-1200 00 1000 - 50 3.1-4.0 0.4-0.6
Pre-1980 Electrically-heated 8500 - 20000 100 0120 3.1-4.0 0.4-0.6
1980 Gas-Heated 700 - 7000 150 - 700 0-500 0-20 33 0.2-04
1980 Electrically-heated 5000 - 9000 50 - 60( 1733 02-04
Office
Pre-1980 Gas-Heated 7000 - 18700 1200-1400 0-p00-20 6.3-8.4 0.5-1.4
Pre-1980 Electrically-heated] 12600 - 18700 1108001 6.3-8.4 05-10
1980 Gas-Heated 3500 - 1080pD 500 - 600 0-3p0 0-110 .5-3.6 0.2-05
1980 Electrically-heated 5700 - 10800 300 - 600 366-| 0.2-05
Retail Store
Pre-1980 Gas-Heated 8200 - 15700 1400-1500 0-R0O0-10 45-57 0.4 -0.7
Pre-1980 Electrically-heated ~ 10700 - 17200 1300061 41-57 0.4 -0.7
1980 Gas-Heated 3100 - 890( 500 - 700 0-40 0-l6 -23 0.2-0.3
1980 Electrically-heated 4000 - 8900 300 - 700 228 | 0.2-0.3

In addition, many types of building materials, such as tar rooéiregnot well adapted to
painting. Although such materials could be specially designed e aahigher albedo, this
would entail a greater expense than painting. Additionally, to aiaiat high albedo, roofs may
need to be recoated or rewashed on a regular basis. The casigofaa maintenance program
could be significant.

A possible conflict of great concern is the fact that building osviaad architects like to
have the choice as to what color to select for their rooftops.igtparticularly a concern for
sloped roofs. The roofing industry has responded to this concern bypiegeand marketing
cool-colored materials for roofs (see section Cool Colored Roofing Materials)

2.1.3. Cost of Cool Roofs

To change the albedo, the rooftops of buildings may be painted or dowéle a new
material. Since most roofs have regular maintenance schedulesedrto be re-roofed or
recoated periodically, the change in albedo should be done at those times to niherczss.

High-albedo alternatives to conventional roofing materials are lysaadilable, often at
little or no additional cost. For example, a built-up roof typichly a coating or a protective
layer of mineral granules or gravel. In such conditions, it is égdebat choosing a reflective
material at the time of installation should not add to the cogteofdof. Also, roofing shingles
are available in a variety of colors, including white, at theesamce. The incremental price
premium for choosing a non-black single-ply membrane roofing matefiess than 10%. Cool
roofing materials that require an initial investment may tuinto be more attractive in terms of
life-cycle cost than conventional dark alternatives. Usutily lower life-cycle cost results from
longer roof life and/or energy savings.
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2.1.4. Cool-Colored Roofing Materials

Suitable coolwhite materials are available for most products, with the notatdeption of
asphalt shingles; coolerolored (nonwhite) materials are needed for all types of roofing,
especially in the residential market. Coatings colored with corraitpigments tend to absorb
the invisible “near-infrared” (NIR) radiation that bears morenthalf of the power in sunlight
(seeFigure 14). Replacing conventional pigments with “cool” pigments that abs@b MR
radiation can yield colored coatings that look the same to tkeebey have higher solar
reflectance. These cool coatings lower roof surface temperaaaiecing the need for cooling
energy in conditioned buildings and making unconditioned buildings more comfortable.

UV visible near-infrared

1.0
o Solar Power Distribution
)
208 5% ultraviolet (300-400 nm)
s 43% visible (400-700 nm)
LR TR 52% near-infrared (700-2500 nm) _ _
3 Figure 14. Peak-normalized solar
o] spectral power; over half of all
_Gﬁ 0.4 solar power arrives as invisible,
g “near-infrared” radiation.
S 0.2
P
0.0

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nanometers)

According toWestern Roofing Insulation and Sidimggazine (2002), the total value of the
2002 projected residential roofing market in 14 western U.S. qiakesAZ, CA, CO, HI, ID,
MT, NV, NM, OR, TX, UT, WA, and WY) was about $3.6 billion (B). We asiie that 40%
($1.4B) of that amount was spent in California. The lion’s share adfler$al roofing
expenditure was for fiberglass shingle, which accounted for $1.7B, orod Bdles. Concrete
and clay roof tiles made up $0.95B (27%), while wood, metal, and slategamfilectively
represented another $0.55B (15%). The value of all other roofing preyastabout $0.41B
(11%). We estimate that the roofing market area distribution54a88% fiberglass shingle,
8-10% concrete tile, 8—10% clay tile, 7% metal, 3% wood shake, and 3%Ilslhte 7).

Suitable coolwhite materials are available for most roofing products, with the notable
exception (prior to March 208pof asphalt shingles. Cool nonwhite materials are needed for all
types of roofing. Industry researchers have developed complayaimorcolor pigments that are
dark in color but highly reflective in the near infrared (NIR) ortof the solar spectrum. The
high near-infrared reflectance of coatings formulated with these and‘otiodr pigments—e.g.,
chromium oxide green, cobalt blue, phthalocyanine blue, Hansa yellow—caxplmted to

% In March 2005, a major manufacturer of roofingngjés in California announced availability of ceolored
shingles in four popular colors.
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manufacture roofing materials that reflect more sunlight tmanventionally pigmented roofing
products.

Table 7. Projected residential roofing market in the U.S. westernmegyirveyed bWestern Roofing
and Siding Magazing002). The 14 states included in the U.S. western region are AK, AZ, CA, CO, Hl,
ID, MT, NV, NM, OR, TX, UT, WA, and WY.

Market share by $ Estimated market

Roofing Type share by roofing are

$B % %
Fiberglass Shingle 1.70 47.2 53.6-57.5
Concrete Tile 0.50 13.8 8.4-10.4
Clay Tile 0.45 12.6 7.7-9.5
Wood Shingle/Shake 0.17 4.7 2.9-3.6
Metal/Architectural 0.21 5.9 6.7-7.2
Slate 0.17 4.7 2.9-3.6
Other 0.13 3.6 4.1-4.4
SBC Modified 0.08 2.1 2.4-2.6
APP Modified 0.07 1.9 2.2-2.3
Metal/Structural 0.07 19 2.2-2.3
Cementitious 0.04 1.1 1.2-1.3
Organic Shingles 0.02 0.5 0.6
Total 3.60 100 100

Cool-colored roofing materials are expected to penetrateotimg market within the next
few years. Preliminary analysis suggests that they may wpstto $1/Mi more than
conventionally colored roofing materials. However, this would rdisetotal cost of a new roof
(material plus labor) by only 2-5%.

A U.S. consortium (Cool Team) of two national research laborat@mel 12 companies
that manufacture roofing materials, including shingles, roofing geanalay tiles, concrete tiles,
tile coatings, metal panels, metal coatings, and pigments alabamwiting to expedite
manufacturing of cool-colored roofing materials (Akbetral, 2006). The iterative development
of cool colored materials has included selection of cool pigmehtice of base coats for the
two-layer applications (discussed later in this paper), and identificatiagroépts to avoid.

Creating Cool Nonwhite Coatings

In order to determine how to optimize the solar reflectan@eppfmented coating matching
a particular color, and how the performance of cool-colored roofingupte@ompares to those
of a standard materials, the Cool Team (a) has identifiedlzaudcterized the optical properties
of over 100 pigmented coatings; (b) created a database of pigmeattehatics; and (c)
developed a model to maximize the solar reflectance of roofetgrials for a choice of visible
color.

The LBNL Cool Team measured the spectral reflectanaed transmittanceé of a thin
coating containing single pigment or binary mix of pigments (Leviretoa, 2005a,b). These
spectral, or wavelength-dependent, properties of the pigmentedgcosine measured at 441
evenly spaced wavelengths spanning the solar spectrum (300 — 2,500 nas)oifieter, using a
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modified version of the Kebelka-Monk’s two-flux model, each sam@e characterized by its
computed spectral absorption coefficieldf,and backscattering coefficiers, A cool color is
defined by a large absorption coefficidtin parts of the visible spectral range, to permit the
attainment of desired colors, and a snialh the near infrared (NIR). For cool colors, tBés
small (or large) in the visible spectral range for formatatiark (or light) colors, and large in
the NIR.

Inspection of the film's spectral absorptance (calculated -ag) Ireveals whether a
pigmented coating is cool (has low NIR absorptance) or hot (hasNiigrabsorptance). The
spectral reflectance and transmittance measurementsaiserased to compute spectral rates of
light absorption and backscattering (reflection) per unit depthnef The spectral reflectance of
a coating colored with a mixture of pigments can then be estihfiadm the spectral absorption
and backscattering rates of its components. The results of tleesei@ments and analyses are
summarized in a database detailing the optical properties ofiéiheaterized pigmented coatings
(Figure15).

Creating Cool Nonwhite Roofing Products

Roofing shingles, tiles, and metal panels comprise more than(B9%oof area) of the
residential roofing market in the United States. The Cool Teasnevaluated the best ways to
increase the solar reflectance of these products and to produceafioly materials. As the
direct result of this collaborative effort, manufactures of rapfimaterials have introduced cool
shingles, clay tiles, concrete tiles, metal roofs, and concrete tilegsati

In addition to using NIR-reflective pigments in manufacturingcodl roofing materials,
application of novel engineering techniques can further enhance econpnitoal solar
reflectance of colored roofing materials. Cool-colored pigmentparedy transparent to NIR
light; thus, any NIR light not reflected by the cool pigmeritassmitted to the underneath layer,
where it can be absorbed. To increase the solar reflectancelaved materials with cool
pigments, a reflective undercoating can be used. This methodeisetkfas a two-layered
technique.

Figure 16 demonstrates the application of the two-layered technique to noctumafacool
colored materials. A thin layer of dioxazine purple (14-27 um) isegpin four substrates: (a)
aluminum foil (~ 25 um), (b) opaque white paint (~1000 um), (c) non-opaque pdint (~ 25
pm), and (d) opaque black paint (~ 25 um). It appears to the eyes(emafirmed by the visible
reflectance spectrum), that the color of the material iskbéaen when applied to an opaque
white or aluminum foil substrate. However, the solar reflectantieese samples exceed 0.4; its
solar reflectance over a black substrate is only 0.05.
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[RO3] Red Iron Oxide (iii)

Paint Code RO3

Paint Name Red Iron Oxide (iii)

Pigment Name Ferro Red V-13810 (PR 101)
Color Family Red/Orange

Color Subfamily iron oxide red

Mean Particle Size (microns) 0.27

Dry Film PVC 3%

Pigment Datasheet available

Paint Datasheet unavailable

LBNL Commentary available

Masstone and Mixtures with White (Tints)

[R03] Red Iron Oxide (iii) + I Ao Sl N
[WO03] Titanium White (i) i L— I y
¢ L e or \ o %’
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guide to reading spectral datafiles

Mixtures with Nonwhite Colors

R03] Red Iron Oxide (iii) + i
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Figure 15. Description of an iron oxide red pigment in the Lawrence Berkeleynilattab pigment
database.
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purple purple purple purple

over over over over
aluminum opaque non-opaque opaque
foil white paint white paint black paint

—— Dioxazine Purple / Aluminum Foil: s=0.41,u=0.05,v=0.05,n=0.74

—— Dioxazine Purple / Opaque White: s=0.42,u=0.05,v=0.05,n=0.75

—— Dioxazine Purple / Thin White: s=0.30,u=0.05,v=0.05,n=0.53
Dioxazine Purple / Opaque Black: s=0.05,u=0.05,v=0.05,n=0.06
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Figure 16. Application of the two-layered technique to manufacture cool colored materials.

Cool Colored Shingles

The solar reflectance of a new shingle, by design, is domibgtdte solar reflectance of its
granules, which cover over 97% of its surface. Manufacturers aselgs coated with titanium
dioxide (TiQ,) rutile white to produce white (or grey) shingles. BecauderaTiO,-pigmented
coating is reflective but not opaque in the NIR, multiple layeesnaeded to obtain high solar
reflectance. This technique has been used to produce “super-whitiiq@éruly white, rather
than gray) granulated shingles with solar reflectances exceedinge@Bdure 17).

Although white roofing materials are popular in some areasg, (Breece, Bermuda; see
Figure 18), many consumers aesthetically prefer non-white roofs. Matwré&s have also tried
to produce colored granules with high solar reflectance by using neenpigments with high
NIR reflectance. To increase the solar reflectance of ablgranules with cool pigments,
multiple color layers, a reflective undercoating, and/or raflecaggregate should be used.
Obviously, each additional coating increases the cost of production.
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Several cool shingles have been developed in 2004 and Ri@d5e 19 shows examples of
prototype cool shingles and compares their solar reflectanceshege of the standard colors.
Also, in 2005, a major manufacturer of roofing shingles in Califcaniaounced availability of

cool colored shingles in four popular colors.
REFLECTING SOLAR HEAT

Black Shingle Conventional White Shingle Advanced White Shingle

o TRl e A% oo o e S -

A S, - S L

g,

i

R=5%,T=180"°F R=29 %, T=157°F R=60 %, T=128F

Figure 17. Development of super white shingles.

Bermuda Stoﬁni (Greece)

Figure 18. White roofs and walls are used in Bermuda and Santorini (Greece).
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Standard Shingles Cool Shingles

R=0.23 R=0.28

R=0.27 R=0.36

R=0.28 R=0.37

Figure 19. Examples of prototype cool shingles.

Cool Colored Tiles and Tile Coatings

Clay and concrete tiles are used in many areas around thé. worlhe U.S., clay and
concrete tiles are especially popular in the hot-climate regiirere are three ways to improve
the solar reflectance of colored tiles: (1) use clay or evacwnith low concentrations of light-
absorbing impurities, such as iron oxides and elemental carbon; (2)teldiie with cool
pigments contained in a surface coating or mixed integrallypa8lf include an NIR-reflective
(e.g., white) sublayer beneath an NIR-transmitting colored topédthiough all these options
are in principle easy to implement, they may require chamgethe current production
techniques that may add to cost of the finished products. Colorantedanluded throughout
the body of the tile, or used in a surface coating. Both methods need to be addressed.

The American Rooftile Coating Company has developed a palettmbhaenwhite coatings
for concrete tiles. Each of the cool colored coatings shovidigure 20 has a solar reflectance
better than 0.40. The solar reflectance of each cool coating exttesdsf a color-matched,
conventionally pigmented coating by 0.15 (terracotta) to 0.37 (black). Mi®Amanufactures
clay tiles in many colors (glazed and unglazed) with sofeeatance greater than 0.4 (SEable
8).
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R=0.41 R=0.44 PR=0/428 R=048 R=046 R=04100 "

black blue terracotta | green chocolate .

R=0.04 = R=0.18 R0 RSB R=0.12

Figure 20. Palette of color-matched cool (top row) and conventional (bottom rowlileoobatings
developed by industrial partner American Rooftile Coatings. Shown on each coaiedditolar
reflectance, R.

Synnefaet al. (2006a&b) have also measured the solar spectral reflectari€epybtotype
cool colored coatings, developed at the National and Kapodistrian Utyvefr#\thens. These
coatings are developed to be used as measures to reduce the sumic@rting energy use in
buildings and to reduce summertime urban temperatures.

Cool Colored Metal Panels

Metal roofing materials are installed on a small (but gngyiraction of the U.S. residential
roofs. Historically metal roofs have had only about 3% of theleesial market. However, the
architectural appeal, flexibility, and durability, due in partthe cool-colored pigments, has
steadily increased the sales of painted metal roofing, and as ofit08ales volume has
increased to 8.9% of the residential market, making it the fagtewing residential roofing
product (F.W. Dodge 2005). Metal roofs are available in many colors arglroalate the shape
and form of many other roofing materials ($&gure 21). Application of cool-colored pigments
in metal roofing materials may require the fewest numberhahges (and in many cases no
changes) to the existing production processes. In fact, cool pighwmdeen incorporated into
paint systems used for metal roofing since 2002. For example, thE B®Sstrial Coatings line
of cool coatings for metal includes over 20 cool-colored prod&ogsife 22). As in the cases of
tile and asphalt shingle, cool pigments can be applied to meta gingle or double-layered
technique. If the metal substrate is highly reflective, a silaglered technique may suffice. The
coatings for metal shingles are thin, durable polymer matefiaisse thin layers use materials
efficiently, but limit the maximum amount of pigment present. Howebe metal substrate can
provide some NIR reflectance if the coating is transparehieilNtR. Several manufactures have
developed cool colored metal roof products.

Cool nonwhite coatings have been enthusiastically adopted by preooilirnoaters and
metal roofing manufacturers. Metal panels and clay tilee ilee first types of roofing to be
produced in cool colors. BASF Industrial Coatings (Southfield, MI) hasclzed a line of cool
colored siliconized-polyester coatings that is quickly repladivegr conventional siliconized-
polyester coatings. Steelscape Inc. (Kalama, WA) has rgdatrtbduced a cool polyvinylidene
fluoride (PVDF) coating for the metal building industry. Custoni-Bletals (Chino, CA) has
switched more than 250 of its metal roofing products to cool colorsCobeTeam is currently
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testing a cool-colored metal roof on a demonstration house in Sacramento.

Table 8. Sample cool colored clay tiles and their solar reflectances (Sdutiggwww.MCA-Tile.com).

Model Color Initial solar Solar reflectance
reflectance after 3 years
Weathered Green 0.43 0.49
Blend
Natural Red l 0.43 0.38
Brick Red l 0.42 0.40
White Buff 0 0.68 0.56
Tobacco l 0.43 0.41
Peach Buff l 0.61 0.48
Regency Blue l 0.38 0.34
Light Cactus 0.51 0.52
Green
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http://www.mca-tile.com/

U

Figure 21. Simulated roofing products made from meglA@dvanta Shinglesb) Bermuda Shakes;)(
Castle Top,d) Dutch Seam Panelg) Granutile, ) Perma Shakesg) Scan Roof Tileh) Snap Seam
Tile, () Techo Tile,j) Verona Tile, k) Oxford Shingles, and)(Timbercreek Shakes. Produet§ are
manufactured by ATAS International, Inc., while products k and | are manufactured big €laskicts,
Inc. (Photos courtesy of ATAS International and Classic Products).
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Concord Cream 872T4

67.3 (60.4)

Rawhide 872T6

Sierra Tan 870T7

53.6 (37.6)

Pearl Gray 872D4

48.7 (31.5)

Marine Green 870G2

4131.9)

Patina Green 872G5

41(29.2)

Slate Gray 870D3

39 (19.6)

Bright Red 872R5

385 (38.5)

Brick Red 872R6

36.6 (24.7)

Medium Bronze 872710

34.6 (12)

Slate Blue 872B6

34.4 21.3)

Slate Bronze 87075

30.6 (9.6)

Evergreen 870G4

29.4 (12.5)

Hartford Green 872G3

28.3(10.8)

Teal 872G4

28.1 (24.8)

Regal Blue 872B4

275 (19.6)

Charcoal Gray 872D2

27.4(14.2)

Dark Bronze 87279

26.6 (8)

Figure 22. Some of the cool colored coatings for metal roofing products avdilaimé8ASF Industrial
Coatings. To the right of each color swatch is shown the solar reflectédutise cool formulation,
followed (in parentheses) by the solar reflectance of a color-matched stdiodardation. (Source:
http://www.basf.com/pdfs/ULTRA-Cool.pdf).

Durability of Cool Nonwhite Coatings

The durability of cool materials has been tested in weatherosmafier being exposed to
5,000 hours of xenon-arc light and to about 10,000 hours of fluorescent Higiat.e 23
compares the total color change and reduction in gloss of cool roodlioged metals and
standard colored metals exposed to accelerated fluorescent ktVItigalmost all cases cool
materials have performed better than standard materials.
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Figure 23. Fade resistance and gloss retention of painted metals (datasyooftBASF).
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2.2 Cool Pavements

The practice of widespread paving of city streets with asgieg/an only within the past
century. The advantages of this smooth and all-weather surface for the mowébieptles and
automobiles are obvious, but some of the associated problems are perhageadily noticed.
One consequence of streets covered with dark asphalt surfattes pavements heat the air,
increasing temperature of the city. Measured data cléadigate that changing the pavement
albedo has a significant effect on the pavement surface temmgerd# urban surfaces were
lighter in color, more of the incoming light would be reflected bat space and the surfaces
and the air would be cooler. This tends to reduce the need for aiticomdj. Pomerantet al
(1997) present an overview of cool paving materials for urban heat island mitigation.

Urban pavements are made predominantly of asphalt concrete thatkisn color. The
challenge is to develop cool pavements that are economical and practical.

In Figure 24, we show some measurements of the effect of albedo on pavement
temperature. The data clearly indicates that significant ncatidin of the pavement temperature
can be achieved: a 10 K decrease in temperature for a 0.25 increase in albedo.

—~ . :
K 0\\0\ Figure 24. The dependence of
— 120 —
o ~\\ pavement surface temperature
2 . ‘\\ on albedo. Data in Berkeley,
® = California were taken at about
o = .
£ \ 3 pm, on new, old, and light-
2 100 ~_ color coated asphalt
E >~ pavements. The data from San
= ¢ San Ramon, 8/7/98 \\.' Ramon, California were taken
3 ® Berkeley, 9/13/96 at about 3 pm on four asphalt
o | | concrete and one cement

80 ' ' concrete (albedo = 0.35)

0 0.1 0.2 0.3 0.4 0.5 0.6

Albedo

2.2.1. Energy and Smog Benefits of Cool Pavements

Cool pavements affect energy use and air quality through lowenbct temperatures.
Lower temperature has two important effects: 1) reduced demaneldotricity for air
conditioning and 2) decreased production of smog (ozone). Rosehfdlld1998) estimated the
cost savings of reduced demand for electricity and of the extexmabf lower ozone
concentrations in the Los Angeles Basin.

Simulations for Los Angeles (L.A.) Basin indicate that agaable change in the albedo of
the city could cause a noticeable decrease in temperatuige (IT2$v) predicted a 1.5K decrease
in temperature of the downtown area. The lower temperatures aityhtere calculated based on
the assumption that all roads and roofs are improved. From the nieggcabsimulations of
three days in each season, the temperature changes for evaradgyical year were estimated
for Burbank, typical of the hottest 1/3 of L.A. basin. The energy wuopsons of typical
buildings were then simulated for the original weather and alsthéomodified weather. The
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differences are the annual energy changes due to the decrease in tenipenature. The result
is a city-wide annual saving of about $71M, due to combined albedeesdation changes.
The kWh savings attributable to the pavement are $15M/yr, or $0.842/mMnalysis of the
hourly demand indicates that cooler pavements could save an estih@®t MW of peak power
in L.A.

The simulations of the effects of higher albedo on smog formationatedthat an albedo
change of 0.3 throughout the developed 25% of the city would yield adE2¥ease in the
population-weighted ozone exceedance of the California air-qusditydard (Taha 1997). The
estimated annual cost to the residents of L.A. because of air quadigdrehedical costs and lost
work time is about $10 B (Hadit al, 1992). The greater part of pollution is particulates, but the
ozone contribution averages about $3 B/yr. Assuming a proportional relagiarighe cost with
the amount of smog exceedance, the cooler-surfaced city wowdd 1286 of $3 Blyr, or
$360M/yr. As above, we attribute about 21% of the saving to pavements. Ribetrafe(1998)
value the benefits from smog improvement by altering the albedth 250 knf of pavements
by 0.25 saves about $76M/year (about $0.6¢er year).

2.2.2. Other Benefits of Cool Pavements

It has long been known that the temperature of a pavement atfgquésformance (Yoder &
Witzak, 1975). This has been emphasized by the new system of bpedéfication advocated
by the Strategic Highway Research Program (SHRP). Bewnm 1987, this program led
pavement experts to carry out the task of researching and themmending the best methods
of making asphalt concrete pavements (Monisrattial, 1994). A result of this study was the
issuance of specifications for the asphalt binder. The temperatge which the pavement will
endure is a primary consideration (Comingiyal, 1994). The performance grade (PG) is
specified by two temperatures: (1) the average 7-day maxiteonperature that the pavement
will likely encounter, and (2) the minimum temperature the pavement wily/ lddghin.

Reflectivity of pavements is also a safety factor in vigibat night and in wet weather,
affecting the demand for electric street lighting. Stnggiting is more effective if pavements are
more reflective, which can lead to greater safety; or, aligghat less lighting could be used to
obtain the same visibility. These benefits have not yet been monetized.

2.2.3. Potential Problems with Cool Pavements

A practical drawback of high reflectivity is glare, but this sloet appear to be a problem.
Instead of black asphalt, with an albedo of about 0.05-0.12, we suggesgipticaton of a
product with an albedo of about 0.35, similar to that of cement conGiledeexperiment to test
whether this will be a problem has already been performedy ehagr millions of people drive
on cement concrete roads, and we rarely hear of accidents dgugéate, or of people even
complaining about the glare on such roads.

There is also a concern that, after some time, light-coloreehpent will darken because of
dirt. Again, experience with cement concrete roads suggesthéhkght color of the pavement
persists after long usage. Most drivers can see the differemneection between an asphalt and
a cement concrete road when they drive over them, even when the roads are old.
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2.2.4. Cost of Cool Pavements

It is clear that cooler pavements will have energy, environheartd engineering benefits.
The issue is then whether there are ways to construct cool paigethat are feasible and
economical. The economic question is whether the savings generated by a coohpavemies
lifetime are greater than its extra cost. Properly, one shouidgilissh between initial cost and
lifetime costs (including maintenance, repair time, and lengtlervice of the road). Often the
initial cost is decisive.

Thick Pavements

A typical asphalt concrete contains about 7% of asphalt by weigaboort 17% by volume;
the remainder is rock aggregate, except for a few percertiadé. The cost of ordinary asphalt
(1998 prices) is about $125 per ton, and the price of aggregate is abqer$a0, exclusive of
transportation costs. Thus, in one ton of mixed asphalt concrete thefawosterials only is
about $28 per ton, of which about $9 is in the binder and $19 is in the aggrega@avement
about 10 cm thick (4 inches), with a density of 2.1 tdntime cost of the binder alone is about
$2 per M and aggregate costs about $4.2 per m

Experimentally, the albedo of a fresh asphalt concrete pavenmemus 0.05 (Pomeranét
al., 1997) because the relatively small amount of black asphalt deatsighter colored
aggregate. As an asphalt concrete pavement is worn down and the my@eagaealed, we
observed an albedo increase to about 0.10 - 0.15 for ordinary aggregateertf ihade with a
reflective aggregate we could expect the long-term albedo to approach that ofrégategg

Using the assumptions for Los Angeles, a cooler pavement would tgeresiream of
savings of $0.07/fper year for the lifetime of the road, about 20 years. Aakiméerest rate of
3% per year, the present value of potential savings estimated at %I hisnsaving would allow
for purchase of a binder, instead of $2/costing $3/mfy or 50% more expensive. Or, one could
buy aggregate; instead of spending $4%2/one can now afford $5.2fm(a 20% more
expensive, whiter aggregate).

In the special case of a climate in which the pavementbgested to wide temperature
swings then additional savings accrue because higher quality bimdgrde avoided. Note,
importantly, and logically, that it is theavementemperature and not tlaér temperature that is
considered in specifying a binder. If an asphalt pavement maypmesed to large temperature
variations over the year, the binder must be specially formulatdthnidle the expansion,
contraction and viscosity changes between the maximum and miniemperatures. There is a
rule of thumb in the industry, "Rule of 90", that when the differencthede temperatures is
greater than 90 °C, some kind of modification of the asphalt will beéede¢his adds to the cost.
The Rule of 90 arises because ordinary asphalt has difficulty riforpéng over wide
temperature ranges. Additives, such as polymers, are needédingpatformance over a wide
range. For example, if a binder is specified as PG 58-22initeisded to function between 58 C
and minus 22 C. The difference, 58 - (-22) = 80. An ordinary grade of asphalt biflderffize;
its cost is about $125 per ton. If, however, the pavement temperatwgs bativeen 76 C and -
16 C, or PG 76-16, the difference 76 - (-16) = 92. An enhanced binder is reodeuiat a price
of about $165 per ton (Bally 1998); a 30% increase in price. It mgpbsible to stay within the
Rule of 90 and avoid the increased cost of binder if the pavemeniakbéncreased and the
pavement does not get as hot. For a 10-cm thick new road the aoslirafry asphalt is $2/m
and higher grade asphalt costs $2.60/mstead of buying the higher grade binder, one could
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apply a chip seal, which costs about $0.60/@hip seals comprise a binder onto which
aggregate is pressed. The aggregate is visible from the oatgkt,if it is reflective, the
pavement stays cooler. It might be sufficiently cool that ilnsecessary to use the higher grade
binder. For example, the data of Fig@4 show that a 0.25 increase in albedo can reduce the
pavement temperature by 10 K. This suggests that the maxiemperature specification for
the pavements might be reduced by 10 K, which madower grade of binder might then be
acceptable. The reduced cost of the binder cancels the cost dighgeal, and one enjoys the
cooling benefit aho extra cost

Thus, for thick pavements, the energy and smog savings may not pattydior whiter
roads. If, however, the lighter-colored road leads to substgntaiger lifetime, the initial
higher cost is offset by lifetime savings. An example of ihid be seen when a higher grade
binder is replaceable by a whiter surface.

Thin Pavements

At some times in its life, a pavement needs to be maintainedeiseirfaced. This offers an
opportunity to get cooler pavements economically. Good maintenanceaceraetls for
resurfacing a new road within about 10 years (Dunn 1996) and theéfefiresurfacing is only
about 5 yearddence, within 10 years all the asphalt concrete surfacesiiy @aa be made light
colored. As part of this regular maintenance, any additional casieofvhiter material will be
minimized. Note also that because the lifetime of the resnogas only about 5 years, the
present value of the savings is 5 times greater than the aawads. Thus, for LA, the present
value is about $0.36/mCan a pavement be resurfaced with a light color at an addetes®st
than this saving?

For resurfacing, there are the options of a black topping, suchlasyasgal, or a lighter-
colored surface achieved by using a chip seal. The costs of bthlesef are about the same,
$0.60/nt (Means 2006). For a chip seal, about half the materials costrisgagg and half is the
binder. If special light-colored aggregate is used in the chiptbeat will be an extra cost. For
example, if the aggregate costs 50% more, instead of $&.30Mmill cost $0.45/M, and the
price of the chip seal will rise by $0.157nif the energy, environmental and durability benefits
over the lifetime of the resurfacing exceed $0.5time cooler pavement pays for itsélfjain,
this depends on local circumstances: the climate and smog conditortise cost of light-
colored aggregate. For Los Angeles, we have estimated thaglyeared environmental savings
alone are about $0.36/npresent value over the lifetime of 5 years for a resuriciand thus
one could afford to pay twice the usual price for aggregate antiastdl no net increase in cost.
Lifetime benefits would also accrue in addition to energy and smog benefits.

2.2.5. Cool Pavement Materials

As stated earlier, most urban paved surfaces are either madphafit concrete (commonly
referred to assphalt pavement®r cement concrete (known esncrete pavements Installing
new pavements typically requires grading of the terrain andwabase course of rock. The
thickness of this base and its preparation will depend on the antitipratéc. The topmost
(wearing) course, which is relatively independent of the base, imffatant part for the albedo
of the pavement. A pavement is typically maintained (repaired esulfaced several times)
throughout its life. The maintenance usually involves resurfacingpgmost layer of pavement.
This makes routine maintenance an ideal time for introducing diglot- surfaces to roads. The
following is a brief description of various technologies used in pavement industry.
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New Pavements

There are three main types of new pavements: asphalt coneraentaconcrete, and porous
paver. In general, a pavement consists of a binder (asphaliprté&ortland cement) and
aggregate (stones of various sizes down to sand). The function ofniher I8 to glue the
aggregate together. The aggregate provides the strength, faatioresistance to wear, and the
binder keeps the stones from dispersing under the forces of the traffic and weather.

Asphalt concrete in new pavements. Asphalt or bituminous materials are the most common
binders of road surfaces (Asphalt-Institute, 1989). The relative ansd@asiphalt and aggregate
is about 1 part in 10 (typically about 7% asphalt by weight, or 17%ohyme). This type of
pavement is properly called "asphalt concrete”, suggestive ajnpasite nature. The fact that
about 80% of roads now in service are made of asphalt concretessliof its relatively low
initial cost and ease of repair.

Asphalt is derived from petroleum. It is often the residue éifjeter components, such as
gasoline and kerosene, are fractionated from crude oil. As suchyies Va composition
depending on the reservoir of origin and on the fractionating procesgkitb it is subjected.
Compared to the Portland cement concrete, bituminous concrete idlextibée. This has the
advantage that the wearing surface tends to conform to any ranteeof the subgrade with less
cracking, but too much softness can lead to spreading or rutting rafatheln particular, asphalt
concrete softens more than Portland cement concrete at typical tamgeethat roads attain.

Cement concrete in new pavements. Cement concrete consists of an inorganic binder, or
cementwhich, after being mixed with water, can harden and hold togdtiey aggregate. The
raw material of the cement contailime (CaO), which is derived fronimestone(calcium
carbonates, CaCgf) or oyster shells.

Portland cement containslay, which has iron oxides, silica, and alumina in it. The
approximate composition (by weight %) of Portland cement &gtiou, 1942) lime (60%),
silica (20%), alumina (5%), iron oxide (3%), magnesia (2%, @her (10%). Depending on the
composition of the starting materials, a suitable mixture of tiemground together. (E.g.,
limestone contains 52% lime and 3% silica, but slag contains 42%althe4% silica, so the
amount of clay (57% silica) to be added would differ between tonesand slag based cements
to get a final silica content of 20%.)

Concrete paving is the choice for very heavy traffic loads usecséhe material does not
deform as much as asphalt. In dry climates, for example, consretesen when the traffic
exceeds 70,000 cars per day. In wet climates, where the softesunfiges requires a stiffer
road, concrete is preferred for traffic of 40,000 per day (Smart, 1994). However,heeihigal
cost of concrete and the difficulty of modifying the surface favbe application of asphalt to
roads that carry traffic in low volume and low weight, suchnaesidential areas and parking
lots.

Cement is darkened by the presence of iron oxide, which can be redugetia whiter
cement by using kaolin. Adding titanium dioxide makes cementewHiut manganese oxide,
present in slag, makes it browner. Measurements and literatanehes (Taha, Sailaet al.,
1992), give fresh cement concrete a solar reflectance of 0.35 - 0.4@n#ent concrete ages it
tends to get darker because of dirt, and the solar reflediamde toward 0.25 - 0.30. Contrarily,
asphalt concrete tends to get lighter as it ages, becausedkagphalt wears away to reveal the
lighter aggregate.
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It is possible to produce concrete with visible reflectivity apghoay 68% by using whiter
cements and aggregates (Lehigh-Cement, f99%)e cement is white because the starting
materials are selected to have low concentrations of coloredaisinguch as iron oxides. White
aggregates, such as white sand, and some limestones are available, at enaost @iré0-20%.

Porous and grass pavers for new pavements. Porous pavements are defined as pavements that
deliberately allow water to pass through them. Permeabilityiieaadvantages of permitting rain
water to be stored in the earth and reducing the problems of floodirmpdAsurface made of
grass has the added desirable qualities that the grass evgmotsaaad thus cools the air above

it, as well as being decorative. However, a grassy field parking lot or access road is soft
when it is wet and is easily rutted permanently. These defantbe alleviated by enclosing the
soil in a lattice structure that provides lateral containment.|ditiee structure thus serves as a
binder for the soil or gravel. We refer to such porous pavementsass 'lgavement”. All grass
pavements must have sufficient water year round, which, makes it ill-suitdd/foimates.

Grass pavers are best suited for occasional use where pengapstwo cars a day traverse
it (e.g., parking for employees, sports facilities, overflow), ofii@ lanes, because grass cannot
survive frequent traffic. The lattices supporting the grass paater made either of concrete or
plastic. Figure 25 shows two plastic grasscrete lattices and a picture oassgete surface
designed for car parking.

Figure 25. Grasscrete lattices and a picture of a grasscrete application.

Another type of porous pavement is formed of asphalt or cementeter{Brown, 1996) or
which is loosely packed so that water can percolate throughoitconstruct a permeable
pavement entirely of asphalt or cement concrete, the aggregettessn to be a single size,
usually about 9.5 mm (3/8”). (so-called "open-graded" aggregates.}he absence of fine
aggregates and sand, the stones pack so loosely that there aresctimongh which moderate
flows of water can filter (Asphalt-Institute, 1974). This porous paveniseusually placed over a
solid pavement for strength, and is domed such that the watemlgiatke sides of the roadway.
Blockage of the pores by dirt, and fractures by freeze-thavesyohy be problems. The porous
surface has a safety advantage of avoiding standing wategathd¢ad to aquaplaning by fast-
moving vehicles. Another appealing benefit is that these surfacelstd suppress tire noise
(Hugues and Heritier, 1995; Lefebvre and Marzin, 1995). Runoff ofwater is reduced if it
can percolate into the ground, relieving demand on a city’s siragtage systentigure 26
shows examples of asphalt concrete and cement concrete porous pavements.

“White cement is available, for example, from LehRgrtland Cement Co., Allentown, PA 18195
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Figure 26. Porous pavements.

Tree-resin modified emulsions. "RoadOyl", a relatively new binder, is tan colored becausse it
derived from pine tree pitch and resin (Loustabtl, 1995). When it is mixed with stone or
sand, it produces a light colored pavement. In the emulsified foisnwater soluble, applied

without heating and thus is particularly convenient to apply wheresado large equipment is

limited. After drying and setting it is water insoluble.idtcomparable in strength to asphalt
concrete in laboratory tests, but has not yet been extensivedyl testcity streets. RoadOyl

comprises about 6% by weight of the finished pavement. It is mdatddcby Road Products

Corp. of Knoxville, TN.

Coal-tar resins. In the South Eastern U.S., near coal mining regions, coaledasrare used in
a manner similar to asphalt binder. Because it is not applied naimn-wide, and it is black,
we shall not discuss it any further here.

Resurfacing of pavements

Asphaltic coatings. Asphalt and asphalt based materials are the most common far aegai
resurfacing of roads (Raza, 1995). Asphalt adheres well to both addealaand to cement
concrete. For large jobs, conventional hot-mix asphalt concrete at daagich thick is

commonly used.

Keeping asphalt in a fluid state is accomplished by havingred-fheaters onboard the
spreaders. For small repair jobs, room temperature bituminous binders have been dle®elepe
such binder is asphalt dissolved in kerosene or creosote. This & &dbatback” asphalt. The
solvent evaporates over a "curing" time, after which the asphhkrts The emission of the
organic solvents, however, has adverse effects on the environment, sd#uok asphalts have
been superseded by water-soluble asphalt emulsions (AEMA, 1998)th¢ebitumen is ground
to small particles and chemically treated with an ematsgo that it remains in suspension in
water. The emulsifier is chosen anionic or cationic to fatglithe wetting of the particular
mineral aggregates that are mixed with the emulsion. Aftespheading of the emulsion and
aggregate, the water separates ("breaks") and evaporatesssiymibe asphalt coats and binds
the aggregate to form an asphalt concrete. Asphalt emulsionsaosi €6 to 100% more than
bulk asphalt (Reed, 1997; Raza, 1995; Means, 2006). Emulsions have drysgftiasdittle as
a few hours, resulting in minimal disruption of traffic. A nevigoe of binder is formed by
adding polymers to asphalt emulsiettisis is called "micro-surfacing".

There are two general approaches to the resurfacing ofngxgaivements (Hunter, 1994).
In both cases the new surface is a composite of binder and aggitbgadifference is whether
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these components are mixed after or before the binder is spmetheé old surface. In a “chip”
seal application, the binder is spread first, the aggregate is dropgeg of it, andhenpressed
into the binder. Otherwise, the aggregate and binder are premixédeanspread. The mixing is
often done onboard the spreader vehicle just before the mixture iscafiplhe pavement. The
premixed pavements are known as "overlays", "slurry coats", "mideags", "seal coats", or
"fog coats" depending on the binder and the size of aggregate.

Chip seal. The binder in a chip seal is usually a fast-drying emutséigphalt. As soon as
possible after the binder is spread, the aggregate is dropped amdimtdethe binder. The
typical surface is about 6 mm (1/4") thick, which is determinedhleydiameter of the largest
aggregate. When the chip seal is used to resurface an existimggraiveis sometimes referred
to as a "seal coat", which may be confused with the same amptied to a slurry coat
containing fine aggregate(AEMA, 1995). When the chip seal is appl@dtny or soil surface,
it may be referred to as a "surface treatment” (AEMA, 1995).

Chip seals are usually applied to low-use roads, such as in re@sl &he rough aggregate
on the surface is problematic in residential areas where ahilolay, and loose aggregate
thrown by car tires may pose another danger. The color of theceud strongly influenced by
the color of the aggregate. When white limestone is used, whisra@liundant, a quite white
surface resultsFigure 27 shows a picture of a chip seal application and contrasts its sola
reflectance to that of an asphalt pavement.

Figure 27. Photo of a chip seal application (lower
part of the picture) and asphalt pavement (upper
part) in San Jose, CA. Note the lighter color
(higher solar reflectance) of the chip seal surface.
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Hot-mix overlays. For roads needing considerable repair or that must support texgses,
such as near stop signs where acceleration and turning are fregatmgy repair can be done
with a hot mix containing aggregate from 9.5 — 12.5 mm (3/8" - 1/2") in maximum diameters

Slurries. For surfaces with medium need of repair and that carry coabidetraffic,
resurfacing may be done with a mixture of asphalt emulsion ggregate. The size of the
aggregate and the formulation of the emulsion are determined xpeeted traffic and the
climate. The typical aggregate is about 6 mm (1/4") maximumetier (ISSA, 1991)¥igure 28
show the machinery for slurry seal coating and the finished surface.

Figure 28. Machinery for slurry seal application and finished surface.

Microsurfacing. When polymers are added to slurry binders the product is called
"microsurfacing” (Raza, 1994a,b). The polymer confers greatistaese to wear. In addition, it
becomes possible to apply a layer in multistone thicknetsean be more than 1.5 times
thicker than the largest aggregate. It can be used for layers down to 7.5 mm (0.3").

Seal coat or_sand coat. It consists of a mixture of emulsified asphalt and sand. Sonsetime
cement and other materials are added to the mix, but the aggpagticles must be smaller in
diameter than about 0.04". The preliminary preparation of the surfacelaisvely simple.
Deposits of grease and oil must be removed or sealed overw@hethe surface must be
thoroughly cleaned of loose dirt or paving particles. The surfatteers dampened with water,
and the slurry is applied in a smooth coat. It is recommended that two coats be applied.

The color of the material is basically gray, and is normalylendarker by the addition of
carbon black. Even when the carbon black is omitted, the gray sthdacmn albedo of 0.05. To
lighten the color, rutile (titanium dioxide, T#Dpowder can be added. This increases albedo to
0.10 withno loss of structural quality. An emulsion designed to rejuvenate asptedlamite
(Erickson, 1989) is coated with sand. Thus a lighter color is achievable if white seediis

Foq coat. A thin layer of diluted asphalt emulsion is spread on existingrpent It can be
used as a protective layer, but also to change color. The typicalinaraf asphalt applied is
about 0.06/m? (0.03 gal/yd) (AEMA, 1995). This results in a coating of about 0.13 mm(0.005")
thick. The cost of the labor would dominate the total cost becausenthentof material is so
small.

Petroleum resin coatings. A petroleum product that is not an asphalt is manufactured by Neville
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Chemical Co., Pittsburgh, PA, and sold as "Pavebrite®" (Willockl, 1996jilé®iproducts are
distributed in Europe by the French Shell Oil, as "Mexphalterd'ley Total as "LSC" (Liants
Synthetiques Clairs). These are synthetic resins derived igher fractions of petroleum, and
chemically modified. The pure material is tan in color, but aa¢padditives can achieve bright
colors. The color of the aggregates must be chosen to not inteffiertn@vdesired color, as well
as to provide the required mechanical strength. The aggregat@seageaided, meaning they all
pass through a # 8 mesh (about 2.5 mm=0.1") screen. This is ngadassater to prevent the
color of the aggregate from becoming significant as the paveneaswif one desires that the
color pavement stay the color of the binder. For the purposes of a wdate a white binder
could be mixed with white rocks of any desired sizes. The mecignmaperties of the paving is
reported to be at least as good as comparable asphaltic pavings.

The typical use in the U.S. has been for pavements at least ad2(%/&Y) thick. In Holland
there is some experience in using the binder in slurries. A ton escapbut 0.42 (15 ft).
When used for a 12.5 mm (1/2") pavement, it requires one ton to make 34 m

Treeresin coatings. A resinous material derived from pine trees, known as RoadOyl®, ds use
for roads and dust-suppression. In Marshall stability tests, @pasrted to perform at least as
well as asphalt (SSC, 1995). It has not yet been completely evaluateldirayg hirsder.

Cement concrete coatings (" white-topping"). Layers of concrete as thin as 5 cm (2") have
been used for resurfacing roads. The procedure is still somewb@&timental and the long-term
behavior and proper practice are still under stigure 29 shows the schematic of a “white-
topping” and its application on covering a portion of a street.

Acrylics. These are synthetic polymers which can be highly colored. They are expemsl are
thus far have been used mostly for special applications suchras ¢teurts. Reed and Graham,
Inc., San Jose CA, has produced experimental materials based/las anixed with pigments,
that proved to have acceptable structural strength as a roaturayrén and Goldman, 1996),
and solar reflectivities of about 50% (Berdahl and Wang, 1996).
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Figure 29. Schematic of a “white-topping” and application pictures.
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2.3 Shade Trees and Urban Vegetation

Urban shade trees offer significant benefits by both reducindibgikir conditioning and
lowering air temperature, thus improving urban air quality by nedusmog. Shade trees
intercept sunlight before it warms a building. Trees also dexrémswind speed under their
canopy and shield buildings from cold winter breezes. Akbari (2002) psoaideverview of
benefits and cost associated with planting urban trees. In a compvehsnsly for Chicago IL,
McPhersoret al. (1994) provides a good review of the impact of an urban forest ourlbiae
ecosystem.

In addition to their obvious aesthetic value, urban trees can modityithete of a city and
provide better urban thermal comfort in hot climates. A significaciease in the number of
trees can moderate the intensity of the urban heat islandebby@lthe heat balance of the entire
city (Figure 11).

Trees affect energy use in buildings through both direct and angirecesses. The direct
effects are: (1) reducing solar heat gain through windows, vealts roofs by shading, and (2)
reducing the radiant heat gain from the surroundings by shachegndirect effects include: (3)
reducing the outside air infiltration rate by lowering ambiemidwspeeds, (4) reducing the heat
gain into the buildings by lowering ambient temperatures threugpotranspirationn summer,
and (5) in hot and humid climates, increasing the latent air-conutig load by adding moisture
to the air through evapotranspiration (Huat@l, 1987).

Shading

During the summer, properly placed and scaled trees around a buddirmgock unwanted
solar radiation from striking the building, reducing its cooling-eparge. In cold climates,
shading of buildings can also increase the wintertime heatingyenee. Deciduous trees are
particularly beneficial since they allow solar gain in buildinlyiring the winter while blocking it
during the summer. The shade cast by trees also reduces mhitdoaks the diffuse light
reflected from the sky and surrounding surfaces (therebyngjtdre heat exchange between the
building and its surroundings), providing natural insulation during both hot addwadther.
During the day, tree shading also reduces heat gain in buildingedugimg the surface
temperatures of the surroundings. At night, trees block the heat itow the building to the
cooler sky and surroundings.

Wind shielding (shelterbelts)

Trees act as windbreaks that lower the ambient wind speed, wanclower a building’s
cooling-energy use depending on its physical characteristicerti@in climates, tree shelterbelts
are used to block hot and dust-laden winds. In addition to energy-savingigistehis will
improve comfort conditions outdoors within the city.

Evaporative cooling

The term evapotranspirationrefers to the evaporation of water from vegetation and
surrounding soils. On hot summer days, a tree can act as a fietagbrative cooler” using up
to 100 gallons of water a day and thus lowering the ambient temper@ramer and
Kozlowski, 1960). Evapotranspiration is most effective in the summeubead the presence of
leaves on deciduous trees and the higher ambient temperatures.

Increased evapotranspiration during the summer from a significengase in urban trees
can produce an "oasis effect" in which the urban ambient tetapesare significantly lowered.
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Though in some cases the amount of latent cooling (i.e., humidity r&mmoight be slightly
increased on the whole, buildings in such cooler environments will corlesseooling power
and energy.

2.3.1. Energy and Smog Benefits of Shade Trees
Direct Energy Savings

Data on measured energy savings from urban trees is scareestUdes (Laechelt and
Williams, 1976; Buffington, 1979; Akbaret al., 1997b; Parker, 1981) have documented
dramatic differences in cooling-energy use between houses on lpedsaad unlandscaped
sites. Akbariet al. (1997b) conducted a “flip-flop” experiment to measure the impashatie
trees on two houses in Sacramento. The experiment was carried thuee segments: (1)
monitoring the cooling-energy use of both houses to characterizeeachse energy use of the
houses, (2) installing eight large and eight small shade tremseadf the sites for a period of
four weeks, and then (3) moving the trees from one site to the other. The expdomenented
seasonal cooling-energy savings of about 30% (about 4 kilowatt-hour pekVidbiday). The
estimated peak electricity saving was about 0.7 kW. In FloridekelP (1981) measured the
cooling-energy savings from well-planned landscaping and found thatriyrapmted trees and
shrubs around a mobile trailer reduced the daily air-conditioningrielgctuse by as much as
50%.

In computer simulation studies, Konopacki and Akbari (2000a, 2000b, 2002) inwtigat
the energy-saving potential of urban trees in five U.S. ciBason Rouge LA, Chicago IL,
Houston TX, Sacramento CA, and Salt Lake City UT. The analysikided bothdirect
(shading) andndirect (evapotranspiration) effects. The study considered planting angavefa
four shade trees per house, each with a top view cross section 6f &ddnestimated net annual
dollar savings in energy expenditure of $5.2M, $13.5M, $27.8M, $9.8M, and $1.1M for Baton
Rouge, Chicago, Houston, Sacramento, and Salt Lake City, respectively.

In another computer study, Taled al (1996) analyzed the impact of large-scale tree-
planting programs in ten U.S. metropolitan areas: Atlanta GAcagbi IL, Dallas TX, Houston
TX, Los Angeles CA, Miami FL, New York NY, Philadelphia PA, PhaeiZ, and Washington
DC. Both direct and indirect effects on air-conditioning energyws® addressed, using the
DOE-2 building simulation program for energy calculations and sossale simulation model
for meteorological calculations. The energy analysis focused esidential and small
commercial (small office) buildingg @ble 9). For most hot cities, the estimated total (direct and
indirect) annual energy savings were $10 to $35 per 190fra single-story residential and
commercial buildings.

DeWalleet al (1983), Heisler (1989), and Huaergal (1990) have focused on measuring
and simulating the wind-shielding effects of tree on heating- andngeehergy use. Their
analyses indicated that a reduction in infiltration because ed tw@uld save heating-energy use.
However, in climates with cooling-energy demand, the impact ofiltveak on cooling is fairly
small compared to the shading effects of trees. In cold climatesjritieshielding effect of trees
can reduce heat-energy use in buildings. Akbari and Taha (1992) simihlatedhd-shielding
impact of trees on heating-energy use in four Canadian ¢toeseveral prototypical residential
buildings, they estimated heating-energy savings in the range of 10-15%.
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Table 9. DOE-2 simulated HVAC annual energy savings from trees. Threedrdenipe and per office
are assumed. All savings are $/160(Source: Taha et al., 1996).

Location Old Residence New Residence Old Office New Office
Direct Indirect  Direct Indirect  Direct Indirect Direct Indirect

Atlanta 5 2 3 1 3 2 2 2
Chicago 3 2 1 0.5 1 1 2 1
Los Angeles 12 8 7 5 6 12 4 10
Fort Worth 6 6 5 4 4 5 2 4
Houston 10 6 6 4 3 5 3 3
Miami 9 3 6 3 3 2 2 2
New York City 3 2 2 1 3 3 2 2
Philadelphia -5 0 -7 0 2 1 1 1
Phoenix 27 8 16 5 9 5 6 4
Washington, DC 3 2 1 1 3 1 2 1

Heisler (1990a) has measured the impact of trees in reducingrambrel. Akbari and
Taha (1992) used Heisler's data and analyzed the impact of windioedoct heating- and
cooling-energy use of typical houses in cold climates. Simulatiodigated that in cold
climates, a 30% uniform increase in urban tree cover can reducer \Wewdting bills in urban
areas by about 10% and in rural areas by 20%. Savings in urbarcaneasnost be doubled if
evergreen trees are planted strategically on the north sioigildings so that the buildings can
be better protected from the cold north winter wind.

Heisler (1986 and 1990b) has investigated the effect of tree platammind a house on
heating- and cooling-energy use. Trees planted on the east ansldesstf a building shade the
walls and windows from sunlight in the morning and afternoon. Depending bnomatruction,
the impact of morning heating may be seen in the late morningeary afternoon hours.
Similarly, the impact of afternoon heating of the west svatlay be seen in evening hours.
Akbari et al. (1993) performed parametric simulations on the impact of treddasabn heating-
and cooling-energy use and found that savings can vary from 2% it/ @yecooling-energy
savings were higher for trees shading the west walls and windows.

Indirect Energy and Smog Benefits

Tahaet al (1996) estimated the impact on ambient temperature resultingaftarge-scale
tree-planting program in the selected 10 cities. They usedea-tlimensional meteorological
model to simulate the potential impact of trees on ambient tetoperfor each region. The
mesoscale simulations showed that, on average, trees can cool tdesvbyciabout 0.3K to 1K
at 2 pm.; in some simulated cells the temperature was dedraasnuch as 3K (sd@able 10).
The estimated air-conditioning savings resulting from ambieningpdly trees in hot climates
ranges from $5 to $10 per year per 10Dafroof area of residential and commercial buildings.
Indirect effects are smaller than the direct effectshafdsng, and, moreover, require that the
entire city be planted.
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Table 10. Number of additional trees planted in each metropolitan area anditineilated effects in
reducing the ambient temperature. Note that the simulated area is argeh than the metropolitan
area.

# of additional trees in# of additional treesMax air temperature
the simulation domainin the metropolitan reduction in the hottest

Location (M) area (M) simulation cell (K)
Atlanta 3.0 15 1.7
Chicago 12 5.0 1.4
Los Angeles 11 5.0 3.0
Fort Worth 5.6 2.8 1.6
Houston 5.7 2.7 14
Miami 3.3 1.3 1.0
New York City 20 4.0 2.0
Philadelphia 18 3.8 1.8
Phoenix 2.8 1.4 1.4
Washington DC 11 3.0 1.9

Rosenfeldet al (1998) studied the potential benefits of planting 11M trees in the Los
Angeles Basin. They estimate an annual total savings of $270 nfitiondirect and indirect
energy savings and smog benefit; about 2/3 of the savings weretifeoneduction in smog
concentration resulting from meteorological changes due toviq@&anspiration of trees (see
Table 11). Peak demand savings was estimated to be 0.9 GW.

Table 11. Energy savings, ozone reduction, and avoided peak swking from the addition of 11
million of urban trees in the Los Angeles Basin (Source: Rosenfeld et al., 1998).

Benefits Direct Indirect Smog Total
1 Cost savings from trees (M$/yrp8 35 180 273
2 A Peak power (GW) 0.6 0.3 0.9
3 Present value per tree ($) 68 24 123 211

The present value (PV) of savings is calculated to find out how mum&owner can
afford to pay for shade trees. Rosenfeldal. (1998) assumed the planting of small shade trees
that would take about 10-15 years to reach maturity. Savings from lbefere they reach
maturity was neglected and the PV of all future savings wiasllated to be $7.5 for each $1
saved annually. On this basis, the direct savings to a homeowner wit® thiee shade trees
would have a PV of about $200 per home ($68/tree). The PV of indireagsawas smaller,
about $72/home ($24/tree). The PV of smog savings was about $120/trdePWYotd all
benefits from trees was thus $210/tree.

Urban trees affect air pollution through two major processescddling of the ambient
temperature and hence slowing the process of smog formation, ang (Bpdsition by which
the airborne pollutants (both gaseous and particles) can be removethé&am. Trees directly
remove pollutant gases (CO, NQGD;, and SQ) predominantly through leaf stomata (Smith,
1984; Fowler, 1985). Nowak (1994a) performed an analysis of pollutant retmptiaé urban
forest in Chicago and concluded that through dry deposition trees @avehsge remove about
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0.002% (0.34 g/ftyr) of CO, 0.8% (1.24 g/ffyr) of NO,, 0.3% (1.09 g/fiyr) of SO, 0.3%
(3.07 g/milyr) of O3, and 0.4% (2.83 g/ftyr) PM10 pollutants from the air.

Simulations performed by Tatlet al. (1997) for Los Angeles indicated that on a daily
basis 1% of the mass of ozone in the mixed layer would be scaviengeainting an additional
11M trees (dry-deposited). In addition to this amount of ozone being seavdimgctly from the
atmosphere, there is 0.6% less ozone formation in the mixed lay&y thesfact that vegetation
also scavenges NQan ozone precursor. The total effect of increased deposition by the
additional vegetation is thus to decrease atmospheric ozone in the mixed layer by 1.6%.

Tahaet al. (2000) refined their analysis and studied the effects of urban viegefand
other heat-island reduction technologiesflective roofs and pavements) on ozone air quality for
Baton Rouge, Salt Lake City, and Sacramento. The meteordlasialations indicated a
reduction in daytime ambient temperature on the order of 112 BRaton Rouge, the simulated
reduction of 0.8 K in the afternoon ambient temperature leads to ppt-Fpart per billion)
reduction in ozone concentration. For Salt Lake City, the afternoopetatare and ozone
reductions were 2 K and 3-4 ppb. And in Sacramento the reductions werearid2kO ppb
(about 7% of the peak ozone concentration of 139 ppb). Note that the reportetbnsdunc
ambient and ozone concentration have resulted from the combined efiielsanfvegetation and
reflective roofs and pavements. Preliminary simulations indicttat in dry climates such as
Sacramento and Salt Lake City, the contribution of urban vegetatiorefiactive surfaces to
ambient air temperature and ozone reduction is about the same. In hiomaigs such as Baton
Rouge, increasing the reflectivity of surfaces is more #fieen reducing ambient temperature
and ozone than adding to the urban vegetation.

It is also suggested that trees improve air quality by @dpesditing NQ, Os, and PM10.
Rosenfeldet al. (1998) estimated that 11M trees in LA will reduce PM10 bg ksn 0.1%
through dry deposition, worth about $7 M per year.

Shade trees, by reducing peak power by 0.9 GW, save about 0.5 g pENKWh avoided
from power plants in the Basin. Simulations have found that 4 tons ppBiQday are avoided,
about 1/3% of the base case.

2.3.2. Other Benefits of Shade Trees

There are other benefits associated with urban shade trees. &omhese include
improvement in the quality of life, increased value of propertiesedsed rain run-off water
and hence a protection against floods (McPhertoal, 1994). Trees also directly sequester
atmospheric carbon dioxide.

Data for the rate of carbon sequestration by urban treesxaree; most data is given in the
units of tons per year of carbon per hectare of forested laodever, Nowak (1994b) has
performed an analysis of carbon sequestration by individual treee$uastion of tree diameter
measured at breast height (dbh). He estimates that an awvemgéth a dbh of 31-46 cm (about
50 nf in crown area) sequesters carbon at a rate of 19 kg/yearafEhef carbon sequestration
for several species of trees can be estimated, usiagbgatrelich (1992) on the age, the dbh,
crown area, and height for 12 species of trees around Twin Cities,UdiNg this data, the
volume of the wet biomass of the trunk can be estimated by assansimge-shape tree with a
base area with the given diameter and height. The total voluthe d¢fee accounting for main
branches and roots is approximately 1.5 the volume of the tree trunk.elgig wf the biomass
can be estimated by multiplying the volume by a density of @06rk The weight of the dry
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mass is estimated at 50% of the wet mass and the amount of cadstimated to be 50% of the
dry mass. The calculation yields an average of about 4.5 kgdyea the life of a tree until its
crown has grown to about 50%n({Table 12). Data indicate that as trees grow, the rate of
sequestration increases. The average sequestration rate fon’atr8@ was estimated at about
11 kglyear.

This calculation suggests that urban trees play a major rdequestering Co-thereby
delaying global warming. Rosenfedd al. (1998) estimated that a tree planted in Los Angeles
avoids the combustion of 18 kg of carbon annually, and according to ouratialecsilan average
shade tree sequesters about 4.5-11 kg/yr (as it would if growiagarest). In that sense, one
shade tree in Los Angeles is equivalent to 3-5 forest trees.

Table 12. Annual carbon sequestration by individual trees. Each tree isessomave a crown area 50
. dbh = Diameter of tree at breast height; H = Tree height. (Source: Frelich, 1992)

Average C |C sequestrated

dbh |H sequesterecat maturity*
Tree type Age|(cm) |(m) |(kglyr) (kglyr)
Norway Maple 30 | 33.0| 10.1] 3.2 9.9
Sugar Maple 29 | 295| 1120 29 7.8
Hackberry 25 | 274 | 10.3| 2.7 8.5
American and Little-leaved Linden | 33| 414 115 5.3 13.8
Black Walnut 32 | 31.0| 11.2| 3.0 8.0
Green Ash 26 | 30.2| 11.7) 3.6 10.8
Robusta and Siouxland Hybrid 33] 521 205 149 29.6
Kentucky Coffee Tree 40 | 31.00 99| 21 3.6
Red Maple 24 | 274 10.2| 2.8 8.9
White Pine 34 | 345| 13.6| 4.2 15.2
Blackhills (white) Spruce 60 | 37.6/ 159 3.3 7.7
Blue Spruce 60 | 49.3| 18.9] 6.7 12.8
Average 4.6 114
Average excluding Robusta/Siouxland 3.6 9.7

* Maturity is defined when the tree has a crown area of 50 m

2.3.3. Potential Problems with Shade Trees

There are some potential problems associated with trees. Gaeesontribute to smog
problems by emitting volatile organic compounds (VOCSs) that elate the smog problem.
The photochemical reaction of VOCs and NOx produces smgg (Dviously, selection of
low-emitting trees should be considered in a large-scale tae¢ipd program. Benjamiat al
(1996) have prepared a list of several hundred tree species with their aveissjererate.

In dry climates and areas with a serious water shortage, droagibifant trees are
recommended. Unfortunately, this results in very little evapotratgpir and thus very little
ambient cooling. Some trees need significant maintenance tlyagntal high costs over the life
span of the trees. Tree roots can damage underground pipes, paveameioisndations. Proper
design is needed to minimize these effects. Also, treea &wel source for fire; selection of
appropriate tree species and planting them strategicallyrionime the fire hazard should be an
integral component of a tree-planting program.
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2.3.4. Cost of Trees

The cost of a citywide "tree-planting” program depends on the typeogfam offered and
the types of trees recommended. At the low end, a promotional plantireg® with a height of
1.5-3 m costs about $10 per tree, whereas a professional treegplanainam using fairly large
trees could amount to $150 to $470 a tree (McPhessah., 1994). McPherson has collected
data on the cost of tree planting and maintenance from seveeal dilie cost elements include
planting, pruning, removal of dead trees, stump removal, waste dispdsaestructure repair,
litigation and liability, inspection, and program administration. The gdetaides details of the
cost for trees located in parks, yards, streets, highway, and hdhsgsresent value of all these
life-cycle costs (including planting) is $300 to $500 per tree. ©08&%6 of the cost is associated
with professional planting, pruning, tree and stump removal. On the lndihelr a tree-planting
program administered by the Sacramento Municipal Utility Ris(SMUD) and Sacramento
Tree Foundation in 1992-1996 planted trees 6 m in height at an averayjedkivof $45 per
tree. This figure includes only the cost of a tree and its pignii does not include pruning,
removal of dead trees, and stump removal. Tree costs can alsdifiedjlny other amenities
they provide beyond air-conditioning and smog reduction. The low-cost pregasenthen
probably the information programs that provide data on the energy andsswiags that trees
offer to the communities and homeowners who have decided to plant trees for other reasons

Two primary factors to be considered in designing a large-adaés tree program is the
potential room (space available) for planting trees, and thes typerograms that utilize and
employ the wide participation of the population. We recently stuthedfabric (fraction of
different land-uses) of Sacramento by statistically anadyzhigh-resolution aerial color
photographs of the city, taken at 0.30-m resolution (Akbaral., 1999; seerigure 10). On
average, tree cover comprises about 13% of the entire Sacramsnbpatitan area. Assuming
that trees can be planted in areas to cover barren land (8%) assl (46%), tree cover in
Sacramento would increase to 36%. The design of a largetsbale tree program should take
advantage of this type of data to plan the program accurately for eacharéigbd.
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3. Analysis Tools

Figure 11 depicts the overall methodology used in analyzing the impadtteat-island
mitigation measures on energy use and urban air pollution. Hourly dauiéiergy simulation
models (such as DOE-2) are used to calculate the energy usmenyy savings in buildings.
To calculate the direct effects, prototypical buildings are sitedlwith dark- and light-colored
roofs, and with and without shade trebgpical weather data for each climate region of interest
are used in these calculatiois. calculate the indirect effects, the typical weathea dgtut to
the hourly simulation model are first modified to account for chamgése urban climatelhe
prototypical buildings are then simulated with the modified weallaé to estimate savings in
heating and cooling energy consumption.

Factors affecting the energy balance in urban areas incluskn uyeometry, surface
properties, and release of anthropogenic heat. The extent and ieseakitirban heat islands
depend strongly on temporal aspects (diurnal and seasonal) of #Htbewend synoptic
conditions. They also depend on other factors such as the location, topogiapiof the city
and its population density (Oke, 1987; 1988).

To understand the impacts of large-scale increases in albedo and vegetatiom atradia
and ozone air quality, mesoscale meteorological and photochemaxd¢lsmare used. For
example, Tahat al (1995) and Taha (1996, 1997, 2001) used the Colorado State University
Mesoscale Model (CSUMM) and the Pennsylvania State Universitipihal Center for
Atmospheric Research (PSU/NCAR) MM5 to simulate the metegyobf several urban areas
and its sensitivity to changes in surface properties. The Urbahedi Model (UAM) and the
California Institute of Technology (CIT) air shed model were ueesimulate the impact of the
changes in meteorology and emissions on ozone air quality. The RISWUMI5, CIT, and the
UAM essentially solve a set of coupled governing equations repirggehe conservation of
mass (continuity), potential temperature (heat), momentum, waper,vand chemical species
continuity to obtain for prognostic meteorological fields and pollutggcies concentrations.
The governing equations are summarized below:

(1) oplot=—(V-pV) Conservation of Mass
(2) 00/ot=-V-VO+S, Conservation of Energy

1
(3) 8V/6t:—V-VV—;Vp—gk—2Q><V Conservation of Momentum
(4) oqlot=-V-Vg+S, Conservation of Moisture
(5) oC//ot+V-VC)=V-(KVC)+R +S +D, Conservation of Species

®> DOE-2 is an hourly simulation program that simesathe heating and cooling energy demand of tHdibgi
DOE-2 input include building and heating, ventitatj and air conditioning characteristic data, ofpegaschedules,
occupancy and hourly weather data (BESG, 1990).
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= density of the air

= wind velocity vector

= potential temperature,

= source or sink term for potential temperature
= pressure

= gravitational acceleration

= unit vector in vertical direction

= earth angular velocity

= specific humidity

= source or sink term for humidity

= concentration of species i

= turbulent diffusion coefficient

= reaction rate for species i

= source rate for species i

= sink (or deposition) rate for species i.

The CSUMM is a hydrostatic, primitive-equation, three-dimensidBalerian model
originally developed by Pielke (1974). The model is incompressildes(incompressibility
assumption to simplify the equation for conservation of mass), andgsnglterrain-following
coordinate system. It uses a first order closure scheme itingresub-grid scale terms of the
governing differential equations. The model's domain is about 10 kmwhighan underlying
soil layer about 50 cm deep. The CSUMM generates three-dimensieldal of prognostic
variables as well as a boundary layer height profile that can be input to the iy models.

The MM5 is a state-of-science, non-hydrostatic, three-dimersi@aderian) primitive
equation model that is gaining wide acceptance in the scienifigeggulatory communities in
the U.S. The MM5 has been used by researchers, meteorologistsgiantists in numerous
applications including: weather forecasting; air pollution foreegst frontogenesis,
thunderstorms; hurricanes; urbanscale phenomena, such as urban melst asld related
convective circulations; land-sea breeze circulations; and topogaiphicuced flows. Though
utilized worldwide, the MM5 is mostly used in the United Staiesboth research and
forecast/operational modes. The modeling system is comprisedewdrat components
collectively referred to as the MM5. The model has been under contidgevetopment since
the late 70s and is based on an original formulation (Anthes andeyydiQ78; Anthegt al.,
1987) that was developed and maintained by the Pennsylvania State itynisersllaboration
with the National Center for Atmospheric Research. More regethé model has undergone
significant changes and improvements (Dudhia, 1993; éreall.,1994).

The UAM and CIT are three-dimensional, Eulerian, photochemical mtigdlsre capable
of simulating inert and chemically-reactive atmospheric pollutafitese models are used in
various urban air shed areas to study the effects of air quajitypvement technologies. The
UAM and CIT simulate the advection, diffusion, transformation, eonssand deposition of
pollutants. They treat about 30 chemical species and uses the barmbCB-IV mechanism
(Gery et al, 1988). The models account for emissions from area and point soureesectle
stacks, mobile and stationary sources, and vegetation (biogenisierm)s For a detailed
discussion of the use and adaptation of these models and the studyirap#loe of the heat
island mitigation strategies in the L.A. Basin, see Taha (1996, 1997).

Ownwax R
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Examples of outputs from these simulations are shovisigare 30 andFigure 31. Figure
30 shows the predicted reduction in air temperature in Los Ange®.m. on August 27 as a
result of increasing the urban albedo and vegetation cover by redareounts (average
increases of 7%). Figure 31 shows corresponding changes in ozone coioosntBecause of
the combined effects of local emissions, meteorology, surfagegres, and topography, ozone
concentrations increase in some areas and decrease in othensetTéféect, however, is a
decrease in ozone concentrations. The simulations also predict diaedwc population-
weighted exceedance exposure to ozone (above the California and Natidmant Air Quality
Standards) of 10-20% (Taha, 1996). This reduction, for some smog scersacos|parable to
ozone reductions obtained by replacing all gasoline on-road motor vehidiesleatric cars.
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Figure 30. Temperature difference (from the base case) for a case withsedrsurface albedo and
urban forest. The temperature difference is at 2 pm on a late-August day in Los Angeles.
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Figure 31. Ozone concentrations difference (from the base case) for a tagecvdased surface albedo
and urban forest. The difference is shown for 2 pm on a late-August day in Los Angeles.
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4. Summary and Conclusions

Most urban areas are warmer than their surrounding rural areateriiperature difference
between urban and rural areas is commonly referred to as urbamlaads. With the rapid
expansion of cities in the last five decades, heat islandg@neng and are affecting the world’s
ever-increasing urban population. Increasing urban ambient tempenaiseebuilding cooling
energy use, worsen the urban air quality, and reduce citizemgbot. Cool surfaces (cool roofs
and cool pavements) and urban trees can have a substantial effebaorair temperature and
hence can reduce cooling-energy use and smog. In the United Stetesstimated that about
20% of the national cooling demand can be avoided through a lalgeisgdementation of
heat-island mitigation measures. This amounts to 40 TWh/year sawiogh over $4B per year
by 2015 in cooling-electricity savings alo@nce the benefits of smegduction are accounted
for, the total savings could add up to over $10B per year.

Achieving these potential savings is conditional on receiving thessacy governmental
and local community support. Scattered programs for planting &meesincreasing surface
albedo already exist, but to start an effective and comprehemsiygagyn would require a more
aggressive agenda. Much of the fundamental work to promote heat-islagationt measures
are already in place. The American Society for Testing afekials (ASTM) has developed
standards for measurement of solar reflectance of roofing ananpatenaterials. The Cool
Roof Rating Council (CRRC) has been organized to measure, ratepahth&solar reflectance
and thermal emittance of roofing materials. Many industeiadlérs have introduced cool roofing
materials on the market. In contrast, the development of costredfesdlutions for cool
pavement has been very slow. The cool roofs criteria and standaros@@orated into the
Building Energy Performance Standards of ASHRAE (American eBociof Heating
Refrigeration, and Airconditioning Engineers), California Title Bdilding code, and the
California South Coast's Air Quality Management Plans. Maaig firojects have demonstrated
the energy benefits of cool roofs and shade trees. The South Coa3uaity Management
District and the United States Environmental Protection AgeB®AJ now recognize that air
temperature is as much a cause of smog ag dfGrolatile organic compounds. In 1992, the
EPA published a milestone guideline for tree planting and light-edlsurfacing (Akbaret al.,
1992). Many countries have joined efforts in developing heat-island-reduptbgrams to
improve urban air quality. The efforts in Japan are of quite notable interest.

Trees can potentially reduce energy consumption in a city ancdwe@ir quality and
comfort. These potential savings are clearly a function of t#ima hot climates, deciduous
trees shading a building can save cooling-energy use, in coldedingvergreen trees shielding
the building from the cold winter wind can save heating-energy use. Trees alegarngran air
quality by lowering the ambient temperature and hence reducingrtihation of urban smog,
and by dry deposition to absorb directly gaseous pollutants and PM1thieaar.tLow-emitting
trees should be considered in designing a tree-planting progranhasovdlatile organic
compounds emitting trees would not undermine our efforts. Finally, armapt of a tree-
planting program is that associated with planting and maintainirigeb professionals. The cost
of water consumption of trees in most climates is small cordgarglanting and maintenance
costs. It is quite possible to design a low-cost tree-plantingrgmo that utilizes and employs the
full voluntary participation of the population.

Pavements cover a surprisingly large fraction of a city'saserind typically are among the
darkest and hottest surfaces. There are well-accepted methodsating lighter-colored
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pavements, such as chip-seals using whiter aggregate. The gifficumplementing cooler
pavements is in taking a long-term and city-wide view of the tgitolaMost often, the decision
about pavements is made on the basis of initial cost, without regaite shortened lifetime of
hot pavements or the heat-island effects. When these are tateataaiunt, as in the study by
Ting et al (2001) the life-time costs of cooler pavements may be lower for many kinoads!.
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